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Modeling of Combustion in
Spray-Guided Spark-Ignition Engines
Zusammenfassung
Gegenstand dieser Arbeit ist die Weiterentwicklung von detailierten physikalischen Mod-
ellen zur Beschreibung des drei-dimensionalen Verbrennungsprozesses in modernen
strahlgefu¨hrten Ottomotoren. Besondere Beachtung gilt dabei dem Zu¨ndprozess, bei
dem komplexe Interaktionen von Brennstoffeinspritzung, Zu¨ndung und der fru¨hen
Flammenentwicklung wiederzugeben sind.
In strahlgefu¨hrten Ottomotoren wird der u¨berwiegende Teil des stark geschichteten
Brennstoff/Luft-Gemisches von einer sich ausbreitenden turbulenten Flammenfront
umgesetzt. Zur Modellierung dieser dient das Konzept der G-Gleichung, bei der die
Propagation der Flamme mittels einer kinematischen Bewegungsgleichung fu¨r dessen
Oberfla¨che simuliert wird. Die Bewegung resultiert aus der Stro¨mungsgeschwindigkeit
einerseits und der turbulenten Brenngeschwindigkeit, die die Brennrate modelliert, an-
dererseits.
Die Arbeit ist wie folgt gegliedert: Zuna¨chst werden nach der Einleitung im zweiten
Kapitel die Erhaltungsgleichungen der Stro¨mungsmechanik mit dem verwendeten Tur-
bulenzmodell angegeben. Danach werden im dritten und vierten Kapitel die Grundla-
gen und Modellkonzepte fu¨r turbulente Flammenpropagation und Selbstzu¨ndung disku-
tiert. Im fu¨nften Kapitel wird das entwickelte Zu¨ndmodell fu¨r strahlgefu¨hrte Ottomo-
toren vorgestellt. Dort werden die bereits vorgestellten Grundlagen wieder aufgenom-
men und erweitert, um die Selbstzu¨ndung des Gemisches entlang des Zu¨ndfunkens zu
beschreiben. Dieser Zu¨ndung folgt eine erst quasi-laminare und dann schließlich turbu-
lente Flammenausbreitung. Im sechsten Kapitel wird die numerische Implementierung
des Verbrennungsmodell in den verwendeten 3D CFD code erla¨utert und validiert. Da-
rauf folgt im siebten Kapitel die Validierung des Verbrennungsmodells selbst an experi-
mentellen Daten von vorgemischter turbulenter Verbrennung in einem Zylinder konstan-
ten Volumens und in einem Erdgas-Ottomotor. Im achten Kapitel wird das entwickelte
Modell zur Simulation der Verbrennung in einem strahlgefu¨hrten Ottomotor eingesetzt
und qualitativ und quantitativ mit Meßdaten und Flammenaufnahmen verglichen. Die
Arbeit schließt mit einer Diskussion der Ergebnisse und einem Ausblick ab.

Modeling of Combustion in
Spray-Guided Spark-Ignition Engines
Abstract
Subject of this work is the advancement of detailed physical models to capture the three-
dimensional combustion process in modern spray-guided spark-ignition engines. Par-
ticular emphasis is placed on the ignition process, which requires the reproduction of
the complex interactions of fuel injection, ignition, and early flame front propagation.
In spray-guided spark-ignition engines, the major part of the distinctively stratified
fuel/air-mixture is consumed by a propagating turbulent flame front. Its modeling ap-
proach is based on the concept of the G-equation, simulating the propagation of the
flame front by solving a kinematic equation for its surface. The propagation results
from the flow velocity on the one hand, and from the turbulent burning velocity, which
models the burning rate, on the other hand, respectively.
This thesis is structured as follows: After the introduction, the conservation equations
of fluid mechanics, along with the applied turbulence model, are presented in chapter
two. Afterwards, the fundamentals of the physical and numerical modeling concepts of
turbulent flame front propagation and auto-ignition are discussed in the third and fourth
chapter, respectively. In chapter five, the developed ignition model for spray-guided
spark-ignition engines is presented. There, the already introduced modeling fundamen-
tals are extended to capture both the auto-ignition process of the mixture along the spark
channel and the consequent quasi-laminar and eventually turbulent flame front propa-
gation. In chapter six, the numerical implementation of the combustion model into the
used 3D CFD code is exemplified and validated. Afterwards, the physical combus-
tion model is validated in chapter seven, using experimental data of premixed turbulent
combustion in a constant-volume vessel and in a natural gas spark-ignition engine. In
chapter eight, the developed model is applied to simulate combustion in a spray-guided
spark-ignition engine. The results are qualitatively and quantitatively compared to mea-
surements. The thesis closes with a discussion of the results and an outlook.
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Chapter 1
Introduction
The combustion of fossil fuels has been the key technology for domestic heating, trans-
portation, and power generation during the last century. One of the most important
reasons for today’s significance of fossil fuels is their previous almost unlimited and
low-priced availability. Furthermore, today’s progressive environmental pollution, sub-
stantially caused by emissions from combustion processes, had not been identified yet
as a global threat to the environment. It is well known that combustion of fossil fuels
not only generates heat, which can be partly converted into power, but also produces
emissions of carbon dioxides (CO2) and pollutants such as nitrogen oxides (NOx), soot,
unburnt hydrocarbons (UHC), and carbon monoxides (CO). Nowadays, these emissions
gain, especially with a view to the fast-growing power plant and transportation industry
in newly industrializing countries like China and India, in significance for the sake of
our environment. All over the world, research on advanced technologies is conducted
which comply with the ever more stringent pollutant emission regulations. However, the
combustion of fossil fuels involves unavoidable emissions of CO2, which is believed to
significantly contribute to global warming. Therefore and due to the foreseeable lim-
ited availability of such fuels, many attempts at their substitution by nuclear power or
renewable energies are being made. With regard to automotive technologies, electric
propulsion systems are currently believed to provide a promising alternative and com-
plement to the internal combustion engine (ICE). In the near future, however, the ICE
will still provide the key technology for vehicle propulsion. Furthermore, the applica-
tion of renewable bio-fuels, providing substantially reduced CO2 net emissions, and the
development of high efficiency and low-pollutant combustion modes currently demon-
strate the still unexploited potential of combustion technology. A recent development
of such a modern combustion mode is presented by the spray-guided spark-ignition
direct-injection (SG-SIDI) gasoline engine [61].
Unfortunately, such developments become increasingly expensive in terms of costs
and personal requirements. In order to equally improve engines fuel efficiencies and
to reduce their pollutant emissions at a reasonable cost, the concept of virtual develop-
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ment supported by computational fluid dynamics (CFD) becomes more and more im-
portant. But even accounting for the explosive increase of the available computational
power during the last decade, the prediction of industrial-relevant applications using the
method of Direct Numerical Simulation (DNS) remains impossible in the foreseeable
future. This necessitates the development of physical models for turbulent combus-
tion in engine applications. The goal of these models is to reduce the complexity of
physical relations to their main influence parameters. This consequently leads to the
concepts of Large Eddy Simulations (LES) [84, 109] and Reynolds Averaged Navier-
Stokes (RANS) [77] equations with the desired reduction of required computational
turn-around times.
This work focuses on the development of advanced physical models to predict tur-
bulent combustion in stratified charge spark-ignition engines, recently introduced as a
further step towards clean and sustainable mobility. The modeling concept is based on
the G-equation flamelet model, originally proposed for laminar flames by Williams [23]
and extended for turbulent flames mainly by Peters [75, 77]. It has been successfully val-
idated on averaged premixed turbulent flames [35] and on homogeneous charge spark-
ignition engines [17, 21] by his co-workers. Deficiencies of today’s modeling capa-
bilities to predict turbulent combustion in stratified charge spark-ignition engine simu-
lations have also been reported [20]. In this work, the G-equation model is further ex-
tended based on measurements of ignition phenomena and early flame front propagation
in spray-guided spark-ignition direct-injection (SG-SIDI) gasoline engines using high-
speed laser imaging techniques, recently developed by Drake and Fansler [103]. This
experimental data set motivated the development of a new spark-ignition model called
SparkCIMM, presented in this thesis. It subdivides the development of spark-induced
turbulent combustion into the three characteristic stages of localized ignition along the
spark-channel (arc), early quasi-laminar non-spherical flame kernel propagation, and its
development into a turbulent flame front. In comparison to other approaches [24, 40],
more detailed physical models are developed and employed to each of these defined
stages in order to gain a more comprehensive understanding of ignition processes in
SG-SIDI engines.
This work is divided into seven main chapters: In Chapter 2, the basic physical
principles of fluid dynamics and the scales of turbulent motion are discussed. The un-
derlying differential equations for reacting flows are studied, both in instantaneous and
in averaged form. With respect to the turbulence modeling, a statistical approach to-
wards Reynolds Averaged Navier-Stokes equations (RANS) is presented. In Chapter 3,
the theory and modeling of flame propagation in laminar and turbulent premixed flows
is derived based on the level set approach. Chapter 4 discusses the fundamentals of non-
premixed combustion and introduces the flamelet equations. In Chapter 5, the modeling
achievements of this work are summarized starting with the development of a novel re-
duced mechanism for gasoline surrogate oxidation [46]. Also, high-speed laser imaging
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techniques to visualize combustion phenomena in stratified charge engines [62] are dis-
cussed. Then, the details of the SparkCIMM ignition model are presented. Chapter 6
summarizes the numerical implementation of the combustion model into the research
code. It also presents the validation of the numerical accuracy of the underlying level-
set method. The combustion model itself is validated in Chapter 7 on measurements of
turbulent combustion in a constant volume cylindrical vessel (Hamamoto Vessel), and in
a homogeneous charge natural gas engine, provided by Cummins Inc. In Chapter 8, the
developed combustion model is used to analyze and understand turbulent combustion in
a General Motors (GM) SG-SIDI engine. Results are compared to available high-speed
laser imaging data. This work closes in Chapter 9 with a summary, conclusions, and an
outlook on future research.
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Chapter 2
Physics of Fluids
In this chapter, the fundamentals of fluid dynamics and turbulence theory for a chemi-
cally reacting gas are provided. The first section presents the Navier-Stokes equations,
followed by an introduction of the scales of turbulent motion. After this, the favre-
averaged governing equations for the turbulent flow and mixing field are presented.
2.1 Governing Equations
The physics of fluid dynamics are described by a system of coupled, nonlinear, partial
differential equations, called the Navier-Stokes equations. For a chemically reacting
fluid, additional equations for the species mass fractions are required. The governing
equations for a gaseous mixture are presented in the following.
The equation for the gas phase density ρ reads
∂ρ
∂t
+
∂
∂xα
(ρvα) = ρ˙s , (2.1)
where ρ˙s denotes the source term due to the presence of an evaporating liquid phase.
The rate of change of the gas phase momentum in each direction α is given by
∂
∂t
(ρvα)+
∂
∂xβ
(
ρvαvβ
)
=− ∂p
∂xα
+
∂ταβ
∂xβ
+ f sα, α= 1,2,3 , (2.2)
where f sα is the rate of momentum gain per unit volume due to interaction with the
liquid phase. Gravitational influences are neglected. ταβ is the symmetric stress tensor.
Assuming a Newtonian fluid, it is usually expressed as
ταβ = ρν
(
∂vα
∂xβ
+
∂vβ
∂xα
)
− 2
3
ρν
∂vγ
∂xγ
δαβ , (2.3)
with δαβ as the Kronecker delta and with ν denoting the kinematic viscosity.
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The equation for the mixture enthalpy h includes the species heat of formation ∆h0f
according to
h =
N
∑
j=1
Y j
(
∆h0f j +
∫ T
T 0
cp j dT
)
, (2.4)
with N as the number of species involved. Then, the enthalpy equation reads
∂
∂t
(ρh)+
∂
∂xα
(ρvαh) =
Dp
Dt
+ ταβ
∂vβ
∂xα
− ∂ j
q
α
∂xα
+ q˙s− q˙r− q˙wall . (2.5)
In Eq. (2.5), ταβ ∂vβ/∂xα denotes the viscous heating term. This term is assumed to be
small for low-speed flows and is therefore neglected in the following. The changes due
to the interaction with the liquid phase and due to radiative heat losses are denoted by
q˙s and q˙r, respectively, and are also neglected from now on. The heat transfer to the
walls is given by q˙wall. Equation (2.5) does not contain a chemical source term as the
heat of formation of all species is included in the enthalpy. The heat flux jqα accounts
for thermal diffusion and enthalpy transport by species diffusion, yielding
jqα =−λ ∂T∂xα +
N
∑
j=1
jα j h j . (2.6)
The second term on the right-hand side is identical zero, because all Lewis numbers are
assumed equal to unity in this work.
The composition of the mixture is defined by five species streams, denoted as the
dilution mass fraction YDil , the mass fraction of fuel Yf , the mass fraction of air Ya, the
mass fraction of combustion products due to flame front propagation YFP, and the mass
fraction of combustion products due to auto-ignition YAI . The corresponding transport
equation reads
∂
∂t
(
ρY j
)
+
∂
∂xi
(
ρviYj
)
=
∂
∂xi
(
ρD j
∂Yj
∂xi
)
+ρω˙ j + ρ˙sj . (2.7)
In Eq. (2.7), D j denotes the diffusion coefficient of stream j, and ω˙ j is the corresponding
chemical source term. The source term for the mixture dilution is identical zero (ω˙Dil =
0). The mixture dilution is chemically inert by definition. The determination of the
remaining source terms (ω˙ f , ω˙a, ω˙FP, and ω˙AI) is described in Sec. 5. The term ρ˙sj
represents the source term due to evaporation of liquid fuel. It is zero for all species
except the fuel itself (ρ˙sj = 0, j 6= fuel).
The link between pressure, temperature, active species streams, and density is es-
tablished by means of the ideal gas law, given by
p
ρ
=
N
∑
j
Yj
Wj
R T , (2.8)
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where R is the ideal gas constant and Wj the molecular weight of species j. Using the
mean molecular weight W defined as
W =
(
N
∑
j
Yj
Wj
)−1
, (2.9)
Eq. (2.8) reduces to
p =
ρ
W
R T . (2.10)
2.2 Scales of Turbulent Motion
Turbulent flows are characterized by a multitude of eddy motions at different length
scales and turnover times. The large turbulent structures, referred to as integral scales,
are usually determined by the geometrical dimensions of the flow domain. The smallest
turbulent structures, associated with the Kolmogorov or dissipative scales, are bounded
by the molecular mixture properties also manifesting in time and length scales of the
flow.
In this section, the fundamentals of homogeneous, isotropic turbulence at high
Reynolds numbers are presented. The distribution of the turbulent kinetic energy in
wave number space, denoted by E(κ), can be obtained from a spatial Fourier analysis
on the velocity fluctuations. The turbulent kinetic energy k of eddy motion, defined by
the trace of the Reynolds stress tensor, can be related to E(κ) as follows
k =
∞∫
0
E(κ)dκ , (2.11)
with
k =
1
2
〈u′iu′i〉 . (2.12)
The turbulent dissipation ε describes the conversion of turbulent kinetic energy into
thermal energy due to viscous forces. It is given by
ε= 2ν〈Si jSi j〉 , (2.13)
with ν= µ/ρ as the kinematic viscosity. The rate-of-strain tensor Si j is defined as
Si j =
1
2
(
∂ui
∂x j
+
∂u j
∂xi
)
. (2.14)
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The turbulent eddy dissipation rate also scales as
ε=
v′3
lt
. (2.15)
If the energy contained by the turbulent eddies is plotted in terms of their wave number,
the turbulent energy spectra is obtained in which the momentum transport is described
in the energy cascade based on a similarity analysis by Kolmogorov in 1941 [3]. Such a
spectrum can usually be subdivided into four ranges. The first range contains the large
mean flow scales. In this range, the eddies are larger than the energy containing eddies
of integral size. Therefore, the turbulent energy increases towards smaller scales. This
scaling can be approximated as
E(κ)∼ κ4 . (2.16)
In the second range, the integral scale eddies, containing most of the turbulent ki-
netic energy in the flow, are found. These eddies receive their energy from the mean
flow field by turbulent production due to mean velocity gradients. The turbulent inte-
gral length scale was defined by Bray [55] as follows:
`t = a1
v′3
ε
a1 = 0.37 . (2.17)
Another length scale expression is denoted by the mixing length, defined as
`m = cD
k3/2
ε
, (2.18)
with the constant cD = c
3/4
µ and cµ = 0.09. The integral and the mixing length scale are
of the same order of magnitude. The turbulent eddy turnover velocity of integral size
eddies can be obtained from the turbulent kinetic energy:
v′ =
√
2
3
k (2.19)
The integral turbulent turnover time is denoted by τ and reads:
τ=
k
ε
. (2.20)
The third range is called the inertial subrange. There, it is assumed that larger
turbulent eddies break up into smaller ones, thus transferring turbulent kinetic energy to
the small scales. In this region, the turbulent production as well as the turbulent eddy
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dissipation is assumed to be negligible. In this case, the transfer rate has to be a constant
and equal to ε. A dimensional analysis yields
E(κ)∼ ε2/3κ−5/3 . (2.21)
The turbulent turnover velocity for eddies of size n within the inertial subrange can be
obtained from the latter relationship as follows
v′n ∼ (ε`n)1/3 ∼ v′
(
`n
`t
)1/3
. (2.22)
Similar relations can be found for the length and time scales.
The fourth range is called the dissipative scale. In this range, the turbulent kinetic
energy transferred through the energy cascade to the molecular scales is converted into
thermal energy by viscous forces at a conversion rate of ε. Dimensional analysis defines
the Kolmogorov length scale as
η=
(
ν3
ε
)1/4
. (2.23)
The time and velocity scales of Kolmogorov eddies follows then to
vη = (νε)
1/4 , (2.24)
and
tη =
(ν
ε
)1/2
, (2.25)
respectively.
The difference between the integral and the Kolmogorov scales depends on the tur-
bulent Reynolds number Re. The turbulent Reynolds number Re is defined as
Re =
v′`t
ν
. (2.26)
The ratio of the Kolmogorov length scale η and the integral length scale `t follows then
to η
`t
∼ Re−3/4 . (2.27)
Pope [92] found similar scaling laws for the velocities,
vη
v′
∼ Re−1/4 , (2.28)
and the time scales,
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tη
τ
∼ Re−1/2 , (2.29)
It can be seen from Eqs. (2.27), (2.28), and (2.29) that for sufficiently high Reynolds
numbers a wide range of length, time, and velocity scales exists in a turbulent flow.
Solving Eqs. (2.1), (2.2), and (2.5) numerically therefore requires sufficiently fine meshes
and small time steps, as even the small scales have to be resolved completely. How-
ever, with current computer capabilities, this direct numerical simulation (DNS) is only
possible for simple geometries and moderate Reynolds numbers. Since engineering ap-
plications generally have high Reynolds numbers, significant parts of the small scale
motions have to be modeled.
2.3 Conventional and Favre Averaging
The separation of the small scale motion, to be approximated by turbulence model equa-
tions, from resolved larger scales is usually achieved by averaging the original equa-
tions.
According to Reynolds, each variable f is split into a mean component f¯ and a
fluctuating component f ′, leading to
f = f¯ + f ′ . (2.30)
Ensemble averaging is most commonly used for obtaining the mean component f¯ . This
yields
f¯N =
1
N
N
∑
i=1
fi , (2.31)
where N is the number of realizations, over which the instantaneous values fi are aver-
aged.
For flows with large density changes, e.g. due to combustion, it is often convenient
to introduce a density-weighted average f˜ , called the Favre average, by splitting f into
f˜ and f ′′ as
f = f˜ + f ′′ . (2.32)
This averaging procedure is defined by requiring that the average of the product of f ′′
with the density ρ (rather than f ′′ itself) vanishes:
ρ f ′′ = 0 . (2.33)
Reynolds averaging and Favre averaging are related to each other according to
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f˜ =
ρ f
ρ¯
and f ′′ =−ρ
′ f ′
ρ¯
. (2.34)
2.4 RANS Turbulence Model Equations
The splitting operations described above can also be applied to the governing equa-
tions presented in Sec. 2.1 instead to a single quantity only. The ensemble averaging
procedure then yields the Reynolds Averaged Navier-Stokes (RANS) equations. These
equations only describe the motion on the integral length, time, and velocity scales,
while every motion on smaller scales needs to be modeled. The continuity equation
reads, after averaging,
∂ρ¯
∂t
+
∂
∂xα
(ρ¯v˜α) = ρ˙s . (2.35)
The averaged momentum equations are
∂
∂t
(ρ¯v˜α)+
∂
∂xβ
(
ρ¯v˜αv˜β
)
=− ∂ p¯
∂xα
+
∂τ¯αβ
∂xβ
− ∂
∂xβ
(
ρv′′αv′′β
)
+ f sα . (2.36)
with the averaged symmetric stress tensor τ¯αβ being
τ¯αβ = ρν
(
∂v˜α
∂xβ
+
∂v˜β
∂xα
)
− 2
3
ρν
∂v˜γ
∂xγ
δαβ . (2.37)
In Eq. (2.36), in addition to the original contributions the so-called Reynolds stresses
−ρv′′αv′′β appear. They represent the classical closure problem of turbulent flows. Rey-
nolds stresses are second-order correlations describing the convective momentum trans-
port by turbulent fluctuations. Transport equations can be derived for the Reynolds stress
tensor. However, these equations then contain triple correlations of the sort ρv′′αv′′βv
′′
γ .
These triple correlations are also unclosed. It is possible to derive equations also for
these appearing triple correlations, but the corresponding transport equations then con-
tain correlations of fourth order and so forth. This indicates an infinite modeling hi-
erarchy and thus no closed equations can be obtained directly. Therefore, a modeling
closure must be found to approximate the Reynolds stresses based on known quantities.
First modeling suggestions were made by Rotta [44].
The averaged enthalpy equation is obtained as
∂
∂t
(
ρ¯h˜
)
+
∂
∂xα
(
ρ¯v˜αh˜
)
=
Dp
Dt
− ∂ j
q
α
∂xα
− ∂
∂xα
(
ρv′′αh′′
)
+ q˙s− q˙wall . (2.38)
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In Eq. (2.38), the term−ρv′′αh′′ represents the convective enthalpy transport by turbulent
fluctuations. It also requires a modeling closure.
Boussinesq [7] proposed the concept of a turbulent viscosity νt , which is often re-
ferred to as an eddy viscosity. It is used to relate the turbulent stresses to the mean field,
yielding
−ρv′′αv′′β = τ¯t,αβ = ρ¯νt
[
∂v˜α
∂xβ
+
∂v˜β
∂vα
− 2
3
∂v˜γ
∂xγ
δαβ
]
− 2
3
ρ¯kδαβ
= ρ¯νt
[
S˜i j− 23
∂v˜γ
∂xγ
δαβ
]
− 2
3
ρ¯kδαβ , (2.39)
where S˜i j denotes the rate-of-strain tensor and k˜ the mean turbulent kinetic energy. The
turbulent viscosity νt is not a fluid property such as the laminar viscosity ν. It depends
on turbulence quantities only. It can be considered to be the product of a velocity scale
and a length scale. Several models for the turbulent viscosity are available, and they are
usually classified according to the number of additional equations that need to be solved.
Prandtl [86] related the turbulent viscosity to a mixing length `m and the absolute gra-
dient of the mean velocity field. As no additional equations are solved, this model
belongs to the class of zero-equation models. One of the first one-equation models was
proposed by Prandtl [87]. The turbulent viscosity is determined using the turbulent ki-
netic energy, for which an equation is solved, and a length scale, which is determined
empirically. Rotta [45] derived an equation for the length scale by integrating the two-
point correlation over the correlation coordinate. This leads to a k− ` model, which
then belongs to the class of two-equation models. Rodi and Spalding [91] first used an
`-equation to compute a turbulent jet flow. The most popular two-equation model is the
k− ε model, where ε is the turbulent dissipation. The ”standard” k− ε model was first
developed by Jones and Launder [114] and improved model constants were provided
by Launder and Sharma [4]. Turbulent length, time, and velocity scales can be easily
formed using these two quantities. The turbulent viscosity is modeled according to
νt = cµ
k2
ε
cµ = 0.09 , (2.40)
The modeling constant cµ was already proposed by Launder and Sharma [4]. It is
usually not changed. The equation for the turbulent kinetic energy used in this work
reads
∂
∂t
(ρ¯k)+
∂
∂xα
(ρ¯v˜αk) =
∂
∂xα
[(
ρ¯ν+
ρ¯νt
Prt,k
)
∂k
∂xα
]
+ τ¯t,αβ
∂v˜α
∂xβ
− ρ¯ε , (2.41)
with the modeling constant Prt,k given as Prt,k = 1.0. For constant-density flows, the
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equation for the turbulent kinetic energy can be derived systematically. From this deriva-
tion follows the definition of the viscous dissipation rate, reading
ε= ν
[
∂v′′β
∂xα
+
∂v′′α
∂xβ
]
∂v′′β
∂xα
. (2.42)
An ε-equation is difficult to derive and to close in a systematic manner. Instead, a
model equation, which is partly empirically, is solved according to
∂
∂t
(ρ¯ε)+
∂
∂xα
(ρ¯v˜αε) =
∂
∂xα
[(
ρ¯ν+
ρ¯νt
Prt,ε
)
∂ε
∂xα
]
+Cε1
ε
k
τ¯t,αβ
∂v˜α
∂xβ
−Cε2 ρ¯ ε
2
k
+Cε3 ρ¯ ε
∂v˜α
∂xα
+
ε
k
CsW˙ sk . (2.43)
The model constants are given as Prt,ε = 1.22, Cε1 = 1.44, Cε2 = 1.92, Cε3 = −0.33,
and Cs = 1.5.
After closing the turbulent transport term in Eq. (2.38) using a gradient flux approx-
imation,
ρv′′αh′′ =−
ρ¯νt
Pr
∂h˜
∂xα
, (2.44)
the final equation for turbulent mean enthalpy reads
∂
∂t
(
ρ¯h˜
)
+
∂
∂xα
(
ρ¯v˜αh˜
)
=
Dp
Dt
+
∂
∂xα
[(
λ
cp
+
ρ¯νt
Prt
)
∂h˜
∂xα
]
+ q˙s− q˙wall . (2.45)
Averaging Eq. (2.7) representing the mixture composition leads to
∂
∂t
(
ρY˜j
)
+
∂
∂xi
(
ρv˜iY˜ j
)
=
∂
∂xi
[(
ρν
ScY˜ j
+
ρ¯νt
Sct,Y˜ j
)
∂Y˜j
∂xi
]
+ρω˙ j + ρ˙sj . (2.46)
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Chapter 3
Premixed Flame Front Propagation
Combustion processes in internal combustion engines can be subdivided into the two
different mechanisms of auto-ignition and flame front propagation, respectively. The
Diesel engine is a classical example for the auto-ignition mechanism as the desired
initiation of the combustion process. Liquid fuel is injected into the cylinder and the hot
compressed air is entrained into the spray. This leads to liquid fuel breakup, evaporation,
and partially-premixing with the oxidizer before combustion occurs. Physics of non-
premixed combustion are discussed in Chapter 4.
In this chapter, however, fundamental aspects of flame propagation in premixed lam-
inar and turbulent mixtures are discussed. In premixed mixtures, fuel and oxidizer are
completely mixed before combustion takes place. These conditions are relevant for a
comprehensive understanding of turbulent combustion in spark-ignition engines with
port fuel injection (PFI) or early direct-injection [42] as homogeneous charge mixture
preparation strategies. In the PFI mode, fuel already gets mixed with the air inside the
intake runner. This homogeneous mixture then enters into the combustion chamber at
intake valve opening. In early direct-injection engines, the fuel is injected into the cylin-
der at an early stage of the cycle to give the mixture enough time to homogenize before
the combustion is initiated at spark timing.
In the first section of this chapter, physics of laminar flames will be discussed and
characteristic scales of flamelets as the laminar burning velocity and laminar flame
thickness will be introduced. A flamelet is defined as a thin, one-dimensional, reactive-
diffusive layer embedded within an otherwise non-reacting turbulent flow field. Next,
the concept of the turbulent burning velocity is introduced in Sec. 3.2 and a regime di-
agram for turbulent premixed combustion according to Peters [76, 77] is shown. The
G-equation for laminar and turbulent flames is introduced in Sec. 3.3. Physical models
for partially-premixed combustion, relevant in modern stratified charge spark-ignition
engines, heavily base on these findings. Suitable extensions are developed in this work
and are presented in Chapter 5.
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3.1 Physics of Laminar Flame Front Propagation
Premixed flows require complete mixing of the fuel and the oxidizer on a molecu-
lar level. The premixed combustion process is initiated by a local temperature in-
crease above the cross-over temperature of the mixture. Beyond this temperature, chain-
breaking reactions dominate over chain-branching reactions. Then, combustion pro-
ceeds in the form of a propagating flame front. The characteristic time and length scales
of this flame propagation are determined by the inner structure of the laminar flame.
Since the pioneering work from Zeldovich and Frank-Kamenetzki in 1938 [43], pre-
mixed flame structures have been sub-divided into a preheat and a reaction zone. Flame
propagation is induced by the transport of thermal energy from this reaction zone into
the unburnt gas region leading to the formation of the preheat zone.
In more recent times, Peters investigated the inner structure of a stationary, laminar,
stoichiometric methane-air flame using an asymptotic analysis based on a four-step re-
duced mechanism [79, 93]. This analysis led to the subdivision of the flame structure
into three characteristic regions:
• the chemically inert preheat zone, similar to the definition introduced by Zel-
dovich and Frank-Kamenetzki [43],
• the inner layer reaction zone, in which the fuel is consumed and intermediate
species as H2 and CO are formed, and
• the oxidation zone, where the intermediate species are oxidized.
Zeldovich and Frank-Kamenetzki investigated the structure of a premixed flame assum-
ing global one-step kinetics. In one-step kinetics, however, intermediate species are not
considered so that the presence of an oxidation layer could not be discovered in their
studies.
Figure 3.1 shows the schematic illustration of the inner structure of the methane-air
flame investigated by Peters [93]. The flame propagates normal to itself into the unburnt
gas with a laminar burning velocity sL. This velocity is a thermo-chemical property that
can be determined from an eigenvalue solution of the governing transport equations. In
the preheat zone, chemical reactions do not occur and a balance between convection
and diffusion exists. The mixture temperature in the preheat zone rises towards the
reaction zone until the thermal energy reaches the activation energy of the mixture.
This defines the inner layer temperature T 0 as the cross-over temperature of the reactive
mixture [107]. Then, the inner reaction zone, where chemical reactions primarily occur,
adjoins the preheat zone. Here, a diffusion-reaction balance exists. In the oxidation
zone, intermediate species are consequently oxidized to primarily form CO2 and H2O.
Two characteristic length scales are identified within the laminar flame structure, the
laminar flame thickness and the thickness of the inner reaction zone, respectively. The
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Figure 3.1: Schematic illustration of the inner structure of a flame front in a stationary,
laminar, and stoichiometric methane-air mixture [74].
laminar flame thickness ` f can be defined as
` f =
D
sL
=
Tb−Tu(
∂T
∂x
)∣∣∣∣
T=T 0
=
(λ/cp)T=T 0
(ρsL)
, (3.1)
with D as the diffusivity of the flame, ρ as the density, and sL as the laminar burning ve-
locity. The ratio of the thermal conductivity λ and the specific heat capacity at constant
pressure cp is temperature dependent and can be approximated according to Smooke et
al. [63]
λ
cp
(T = T 0) = 2.58 ·10−5
(
T 0
298K
)0.7 kg
m s
(3.2)
The laminar burning velocity and the introduced laminar flame thickness define the
characteristic flame time t f as
t f =
` f
sL
. (3.3)
This is the time, the flame needs to travel across its own thickness.
The second characteristic flame length scale is the thickness of the inner reaction
zone `δ. It is defined over the chemical time scale of the fuel consumption rate which
manifests in the inner layer thickness by diffusivity. This length scale decreases with
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pressure and with temperature and can be related to the laminar flame thickness as
δ=
`δ
` f
. (3.4)
Peters showed that δ varies from values of approximately δ = 0.1 at atmospheric pres-
sure to δ= 0.03 at pressures around p = 30 bar [73].
In 3D space, the flame might be curved or subjected to strain due to the local
flow. Then, the flame structure gets altered in comparison to one-dimensional premixed
flames thus modifying the laminar burning velocity sL. The relationship between flame
speed and stretch traces back to Markstein [58] and has been further investigated by
Matalon [49, 60], Peters [107] and others [10, 56]. It can be characterized by the Mark-
stein length, or when it is related to the laminar flame thickness, the Markstein number.
Matalon and Matkowsky derived an asymptotic theory [49] in which this number de-
pends on a single effective Lewis number only, the one of the fuel in lean and the one of
the oxidizer in rich mixtures, respectively. It therefore varies significantly over mixture
fraction space. This conclusion was also obtained in [107] in which a reduced four step
mechanism for hydrocarbon/air mixtures was used to compute Markstein lengths by an
effective Zeldovich number that varies with equivalence ratio.
The strain of the flame is determined from the flow field velocity ~u at the position
x = x0 of the inner reaction layer. It reads
S =− (~n ·∇~u ·~n)|x=x0 , (3.5)
with~n as the normal vector pointing into the unburnt gas. This normal vector is obtained
from the reference flame front iso-surface, which is associated with a temperature scalar
value of T = T 0. The flame curvature is defined as
κ= ∇ ·~n . (3.6)
In 1982, Matalon and Matkovsky have shown that the laminar burning velocity of a
flame, assuming a one-step large activation energy reaction and constant properties,
subjected to strain and curvature can be calculated as [12, 60]
sL = s0L−DLκ−LS , (3.7)
with s0L as the laminar burning velocity of the corresponding planar laminar flame. The
Markstein diffusivity is denoted by DL and is defined as
DL = s0LL , (3.8)
introducing the Markstein length L which is related to the laminar flame thickness ` f
and the Markstein number M as given in
L =M ` f . (3.9)
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Effects of strain and curvature can be combined to the flame stretch K. The first defini-
tion of flame stretch was suggested by Williams [22]. It reads
K =
1
A
dA
dt
, (3.10)
as the area change of a local flame surface element A.
Peters et al. [80] investigated the effect of curvature on the burning velocity of lami-
nar methane-air flames. Curved flames were also of interest in [27], in which Groot and
De Goey investigated spherically and cylindrically propagating flames. In this thesis,
however, the significance of curvature effects on flamelet structures in non-unity Lewis
number mixtures, which are embedded in highly stratified small scale turbulent flows,
has been discovered and is discussed in detail in Sec. 5.2.3.
3.1.1 Laminar Flamelet Equations for Premixed Combustion
In the following, a premixed flame, not influenced by a surrounding turbulent flow field,
shall be considered. This assumption results in a laminar, unstretched, planar, and sta-
tionary flame to be described by the one-dimensional reactive Navier-Stokes equations
solved in normal flame front direction. The normal coordinate is denoted by xn. The
continuity equation then reduces to
ρu = const = ρus0L , (3.11)
with ρus0L as the definition of the mass burning rate of the flame. For the species equa-
tions, mean diffusion coefficients for each species are assumed. Effects of pressure
gradients on diffusion velocities are neglected. Thermal diffusion was also omitted.
The applied equation then reads:
ρus0L
∂Yi
∂xn
=
∂
∂xn
(
ρDi
∂Yi
∂xn
)
+ωi . (3.12)
The enthalpy equation is subjected to the same simplifications. Furthermore, the pres-
sure derivative is neglected by assuming zero Mach number flows, which yields:
ρusL
∂h
∂xn
=
∂
∂xn
(
λ
∂T
∂xn
)
−∑hi ∂∂xn
(
ρDi
∂Yi
∂xn
)
. (3.13)
3.2 Physics of Turbulent Flame Front Propagation
In this section, the fundamentals of flame propagation in turbulent premixed flows are
discussed. At first, the characteristic scales of the chemistry to those of turbulent flows
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are classified. These classification numbers are utilized to construct the regime diagram
of turbulent premixed combustion according to Peters [76, 77]. Then, the turbulent
burning velocity sT is introduced and theoretical scaling expressions as postulated from
Damko¨hler are presented.
3.2.1 The Regime Diagram of Turbulent Premixed Combustion
In turbulent premixed combustion, various non-dimensional classification numbers exist
to characterize the physics of turbulent flame front propagation. Figure 3.2 shows the
regime diagram of turbulent premixed combustion as proposed by Peters [76]. The
abscissa is denoted by the normalized turbulent length scale `t/` f , whereas the ordinate
depicts the normalized turbulence intensity v′/sL. In this diagram, different regimes are
identified. First, the laminar flames regime is separated from the other regimes by
Re≤ 1. The turbulent Reynolds number Re describes the ratio of turbulent inertia forces
to molecular viscous forces as given in
Re =
v′`t
ν
. (3.14)
Assuming a Schmidt number equal to unity
Sc =
ν
D
= 1 , (3.15)
leads to, together with the definition of the flame diffusivity (3.1), the following expres-
sion for the turbulent Reynolds number
Re =
v′`t
sL` f
. (3.16)
In the wrinkled flamelet regime, the laminar burning velocity still dominates the
turbulence intensity. Therefore, the regime is bounded by v′/sL < 1. In this case, flame
front deformations due to turbulent eddies are almost immediately compensated by the
propagating flame front. Here, only minor flame front wrinkling can be observed.
The corrugated flamelet regime is bounded by v′/sL ≥ 1 and Ka < 1. The turbulent
Karlovitz number Ka relates the laminar flame time t f (3.3) to the Kolmogorov time
scale tη (2.25). It is defined as
Ka =
t f
tη
=
`2f
η2
=
v2η
s2L
. (3.17)
This condition implies that the Kolmorogov eddies are larger than the laminar flame
thickness ` f . Therefore, the interaction between turbulent eddies and the laminar flame
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structure is purely kinematic. The chemical and transport processes within the flame
structure remain unmodified. The kinematic advance of the flame is unable to compen-
sate the corrugations that have been produced by turbulence. The scales of the turbulent
eddies mainly interacting with the flame front are related to corresponding eddies having
a turbulent turnover velocity v′ equal to the laminar burning velocity sL. This condition
defines the Gibson scale `G [72], as given in:
`G = `t
(sL
v′
)3
. (3.18)
The wrinkled and corrugated flamelets regimes are characterized by large scale turbu-
lence, discussed in detail in Sec. 3.2.2.
The thin reaction zone regime is bounded by Ka ≥ 1 and Kaδ < 1. The second
turbulent Karlovitz number Kaδ relates the inner reaction zone thickness `δ to the Kol-
mogorov length scale η
Kaδ =
`2δ
η2
= δ2Ka . (3.19)
This condition implies that the Kolmogorov eddies become smaller than the laminar
Figure 3.2: The regime diagram for premixed turbulent combustion according to Peters
[77].
flame thickness, thus penetrating into the preheat zone. In this regime, even the turbu-
lence intensity of the smallest eddies are larger than the laminar burning velocity so that
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the Gibson scale has no meaning in this regime. The Kolmogorov eddies are, however,
still larger than the inner reaction zone, so that the chemical reactions are not influenced
by turbulence. In this regime, the transport of chemical species and temperature gets
enhanced by turbulent eddies. The turbulence in this regime is characterized by small
scale turbulence, discussed in detail in Sec. 3.2.2.
In the broken reaction zone regime, the smallest eddies become smaller than the
inner reaction zone. The regime is bounded by Kaδ ≥ 1. This can lead to a local break-
down of the chemical reactions due to an enhanced heat loss towards the preheat zone.
In this case, the flamelet structure cannot be preserved and flame extinction occurs.
The Damko¨hler number, although no regime separator, is a very important quantity
in turbulent premixed combustion. It is defined as
Da =
sL
v′
`t
` f
, (3.20)
and can be related to the turbulent Reynolds number and the Karlovitz number as given
in
Da =
Re1/2
Ka
. (3.21)
The significance of the Damko¨hler number on flame front propagation in turbulent flows
will be discussed in Sec. 3.3.3.
3.2.2 The Turbulent Burning Velocity
Chemical reactions at high temperatures are nearly always fast compared to the turbu-
lent time scales. They concentrate, due to molecular diffusion, in thin layers typically
smaller than the Kolmogorov scale. Except for density changes, these layers cannot ex-
ert a feedback on the flow and can therefore not influence the inertial range scaling. In
this situation, the time and length scales of combustion are separated from those of tur-
bulence. This concept is known as scale separation. In this section, this scale separation
is employed to define the turbulent burning velocity sT as the propagation velocity of
the mean turbulent flame front A, introduced in this section, normal to itself through the
turbulent flow field. This definition traces back to Damko¨hler [19]. He stated that the
mass flux m˙ through the turbulent instantaneous flame front AT , propagating at the lam-
inar burning velocity sL, is, as required by continuity, invariant against inertial subrange
scaling. In this case, as illustrated in Fig. 3.3, the mass flux m˙ might be obtained at any
intermediate scale within the inertial subrange where only the filtered cross sectional
area Â is available.
The corresponding equation reads:
m˙ = ρubsLAT = ρubŝT Â = ρubsT A (3.22)
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Figure 3.3: Illustration of the concept of the turbulent burning velocity sT exemplified
on a stationary turbulent premixed flame in a duct.
For a constant unburnt density ρub, the burning velocity ratio is proportional to the flame
surface area ratio σ
σ=
sT
sL
=
AT
A
. (3.23)
Damko¨hler [19] identified two different regimes of turbulent premixed combustion,
the large scale and the small scale turbulence regime, respectively. In the limit of large
scale turbulence, Damko¨hler postulated that the turbulent burning velocity sT is pro-
portional to the turbulence intensity v′. This implies that the interaction between the
instantaneous flame front and the turbulent flow field is purely kinematic. Damko¨hler
stated the following relationship:
AT
A
∼ v
′
sL
(3.24)
Combining this equation with Eq. (3.23) yields
sT ∼ v′ (3.25)
In [76, 77], Peters related Damko¨hler’s large scale turbulence regime to the corrugated
flamelet regime in the regime diagram of turbulent premixed combustion.
In the limit of small scale turbulence, Damko¨hler postulated that the turbulent eddies
modify the transport processes between the inner reaction zone and the unburnt gas [19].
He consulted the scaling relationship for laminar flames:
sL ∼
(
D
tc
)1/2
, (3.26)
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and postulated a similar relationship for turbulent flames within the small scale turbu-
lence regime
sT ∼
(
Dt
tc
)1/2
, (3.27)
with Dt as the turbulent diffusion coefficient replacing the thermal diffusivity D. Equa-
tion (3.27) also implies, since the chemical time scale tc remains unchanged, that the
turbulence does not interact with the inner reaction zone. Solving after tc and equating
the latter relations of laminar and turbulent burning velocities finally yields
sT
sL
∼
(
Dt
D
)1/2
∼
(
v′`t
sL` f
)1/2
, (3.28)
with the turbulent diffusivity Dt ∼ v′`t . Peters [76, 77] related Damko¨hler’s small scale
turbulence regime to the thin reaction zone regime within the regime diagram of turbu-
lent premixed combustion, shown in Fig. 3.2.
Damko¨hler acknowledged the existence of two different regimes of turbulent pre-
mixed combustion. With increasing turbulence intensity, the turbulent burning veloc-
ity sT increases at first linearly with v′, corresponding to the large scale turbulence
or corrugated flamelet regime, respectively. Once the turbulence intensity exceeds the
threshold to the small scale turbulence regime, this increase flattens and approaches the
v′-square root dependency reflected by Eq. (3.28). This bending effect is also shown
in Fig. 3.5 and describes the transition from the corrugated flamelet to the thin reaction
zone regime.
3.3 The Level Set G-Equation Flamelet Model
The level set G-equation flamelet model is based on the assumption that the turbulent
flame can be represented as ensembles of thin reaction-diffusion layers which are em-
bedded in an otherwise inert turbulent flow field. Unlike progress variable approaches, it
does not introduce the simplifications of infinitely fast chemistry limits and thin flames.
The inner structure of the flame is completely resolved by laminar flamelet equations.
Finite rate chemistry can be employed due to the physical scale separation between
chemistry at small molecular scales and turbulence within the inertial subrange. Hence,
the level set G-equation flamelet model is applicable to the corrugated flamelet and thin
reaction zone regime. Effects of turbulence on the inner structure of the instantaneous
laminar flame can be taken into account.
In the following, kinematic equations for the position of the mean flame front and
thickness of the flame brush in laminar and turbulent flows are derived. The location
of the propagating (turbulent) flame surface is defined by an iso-surface of a level set
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scalar. Modeling closures for corresponding turbulent transport equations are discussed.
The mean chemical composition in the burnt gas is calculated from a presumed shape
of the probability density function to obtain the solution of ensemble averaged laminar
flamelets.
3.3.1 The G-Equation for Laminar Flames
The level set approach for laminar flames was introduced at first by Williams [23]. The
kinematic equation for the flame including advection due to the local flow field and a
local laminar burning velocity reads:
d~x f
dt
=~u+ sL~n . (3.29)
A scalar G is defined in such a way that the iso-scalar surface of G(x, t) = G0 defines
the location of the flame front in physical space as seen in Fig. 3.4. This iso-surface
separates the flow field into the region of unburnt gas with G(x, t) < G0, and burnt gas
with G(x, t)> G0. The kinematic relationship between G and~x(t) reads:
∂G
∂t
+∇G · d~x f
dt
∣∣∣∣
x0
= 0 (3.30)
with x = x0 as the reference position of the flame surface. Combing this equation with
Eq. (3.29) results in the G-equation for laminar flames
∂G
∂t
+~u ·∇G = sL|∇G| . (3.31)
It is important to note that this equation describes the kinematic behavior of the flame
and is therefore only be defined at the flame front itself. It has no meaning outside of
the reference position of the flame.
The flame front normal vector can be obtained from
~n =− ∇G|∇G| , (3.32)
and the curvature of the flame front is defined as
κ= ∇ ·~n . (3.33)
To solve Eq. (3.31), the laminar burning velocity sL must be obtained. In Sec. 3.1, the
expression for the laminar burning velocity altered by curvature and strain according to
Matalon and Matkovsky [49, 59, 60] was introduced. It reads with respect to the unburnt
gas,
sL = s0L−DLκ−LS , (3.34)
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Figure 3.4: Iso-scalar surface of G(x, t) = G0 defining the laminar flame front position
[74]. It separates the flow field into an unburnt and a burnt gas region, respectively.
with κ and S as the curvature and strain of the flame, respectively. The significance of
these corrections to the planar laminar burning velocity s0L on turbulent flame propaga-
tion velocities in highly stratified and small scale turbulent flow fields is discussed in
detail in Chapter 5.
3.3.2 The G-Equation for Turbulent Flames
In this section, transport equations for the mean turbulent flame front position and its
mean turbulent variations are derived. As Oberlack [65] has pointed out, classical av-
eraging methods in the form G = G˜+G′ are not possible, since G is not per se defined
outside of G0. Transport equations for the mean of G and its variance can be derived,
however, from the instantaneous G-equation (3.31), if they are viewed as conditional
averages only.
According to Ewald [20], a vector is introduced as the distance between the instan-
taneous and mean turbulent flame front position
~g =~x f −~˜x f . (3.35)
Then, a level set of the mean flame front accounting for turbulent flame front fluctuations
is defined as
G = G˜+g , (3.36)
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with g as the euclidean norm of~g. The substantial derivative of this level set reads:
∂G
∂t
+∇G · d~x f
dt
= 0 . (3.37)
In combination with the kinematic equation of the flame front with an applied velocity
decomposition,
d~x f
dt
= ~˜u+~u′′+ sL~n , (3.38)
the following transport equation for the mean turbulent flame front is obtained after a
multiplication with the density and after averaging:
〈ρ〉∂G˜
∂t
+ 〈ρ〉∇G˜ ·~˜u =−〈ρ〉∇g˜ ·~u′′−∇G˜ · 〈ρsL~n〉 (3.39)
The first two terms in the equation describe local change and convection of the flame
front position. The terms on the right-hand side, however, denote turbulent transport
and turbulent flame propagation. These terms remain unclosed and are discussed in
Sec. 3.3.3. The kinematic equation for ~˜x f is determined accordingly:
d~˜x f
dt
= ~˜u+(∇g˜ ·~u′′) ·~˜n+ (ρsT )〈ρ〉 ~˜n . (3.40)
In order to derive a transport equation for the variance of G, the following decom-
position is applied [20]:
~g2 = G˜′′2+g′′ (3.41)
The equation for the substantial derivative can be obtained as follows:
∂~g2
∂t
+∇~g2 · d(~˜x f +~g)
dt
(3.42)
After multiplication with the density and after averaging, the equation reads
〈ρ〉D~˜g
2
Dt
= 〈ρ〉∂G˜
′′2
∂t
+ 〈ρ〉∇G˜′′2 · d~˜x f
dt
+ 〈ρ〉∇g˜′′ ·u′′+ 〈ρ∇g′′ · (sL~n)〉 . (3.43)
Ewald [20] has applied the chain rule for the substantial derivative. This leads to
D~g2
Dt
= 2~g · d~g
dt
. (3.44)
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With~g=~x f −~˜x f and with the corresponding expressions for~x f and ~˜x f , respectively, the
following equation is obtained:
D~g
Dt
=~u′′+ sL~n−
(
ρsT
〈ρ〉 +∇g˜ ·~u
′′
)
~˜n . (3.45)
After multiplication with the density and after averaging, the equation reads
〈ρ〉d~˜g
2
dt
= 〈2ρ~g ·~u′′〉+ 〈2ρ~g · (sL~n)〉 . (3.46)
Combining Eq. (3.43) and Eq. (3.46), the equation for the variance of the flame front
position finally yields
〈ρ〉∂G˜
′′2
∂t
+ 〈ρ〉∇G˜′′2 · d~˜x f
dt
+ 〈ρ〉∇g˜′′ ·~u′′+ρ∇̂g′′ · (sL~n) = 2ρ̂~g ·~u′′+2ρ̂~g · (sL~n) . (3.47)
The first term on the left-hand side describes the local change of turbulent flame front
position variations. The second term shows that this variance is not advected at the local
flow field but, as a flame front property, at the propagation velocity of the mean turbulent
flame front. The last two terms on the left-hand side are turbulent transport terms,
whereas the first term on the right-hand side describes turbulent production of G˜′′2. The
last term of Eq. (3.47) describes the destruction of flame front position variances. Except
of the first two terms, all terms require modeling as presented in Sec. 3.3.3. Once this
equation is closed, the turbulent flame brush thickness can be obtained as the square
root of the variance of the G-equation:
` f ,t ≡
√
G˜′′2
|∇G˜| . (3.48)
3.3.3 Modeling Closures for the G-Equation for the Corrugated
Flamelet and the Thin Reaction Zone Regime
In the following sections, the modeling closures for the unclosed terms in Eq. (3.39)
and Eq. (3.47), valid in the corrugated flamelet and the thin reaction zones regimes, are
derived. The presentation heavily relies on the work by Peters [75, 76, 77].
The Equation for the Mean Turbulent Flame Front
In order to close the transport equation for the mean turbulent flame front, the turbulent
transport term of Eq. (3.39) requires modeling. Peters [77] used a classical gradient flux
approximation, split into a normal diffusion and a curvature term. The ansatz reads:
−∇g˜ ·~u′′ = ∇ · (Dt∇G˜) = n˜ ·∇(Dt n˜ ·∇G˜)−Dt κ˜|∇G˜| . (3.49)
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Since the normal diffusion term is already contained in the burning velocity, Peters
stated that it must not appear in the modeling of the turbulent transport term. This
would change the mathematical character of the resulting equation to an elliptic form,
which is inconsistent with the instantaneous transport equation (3.31). The modeling of
the turbulent transport term finally reads:
−〈ρ〉∇g˜ ·~u′′ =−〈ρ〉Dt κ˜|∇G˜| , (3.50)
with Dt as the turbulent diffusivity of the curvature term. A mixing length approach
results in
Dt =
√
cµcs
2Sct
` f ,tk
1/2 , (3.51)
with k as the turbulent kinetic energy and ` f ,t as the turbulent flame brush thickness
defined in Eq. (3.48). The modeling constants are summarized in Table 3.1.
As a starting point to close the turbulent propagation term in Eq. (3.39), we recall
the G-equation considering the closure for the turbulent transport term
〈ρ〉∂G˜
∂t
+ 〈ρ〉∇G˜ ·~˜u =−〈ρ〉Dt κ˜|∇G˜|−∇G˜ · 〈ρsL~n〉 . (3.52)
Peters performed an order of magnitude analysis [77] to obtain a leading order expres-
sion for the laminar burning velocity sL valid in the corrugated flamelet and thin reaction
zone regime. In the corrugated flamelet regime, the interaction between turbulent ed-
dies within the inertial subrange and the laminar flame is essential kinematic, leaving
the chemical and transport processes of the flame unchanged. The analysis reveals that
in this regime, effects of strain and curvature on the laminar burning velocity can be
neglected. In the thin reaction zone regime, however, the complete flame structure does
not remain in steady-state, since the Kolmogorov eddies enter into the preheat zone alter-
ing the transport processes therein. Hence, the displacement speed [77] is negligible and
the curvature term will dominate the propagation term. To leading order, the following
equation for the laminar burning velocity valid in both regimes then reads:
sL = s0L−κD (3.53)
Peters [77] neglects the last term for the closure of the equation for the mean turbulent
flame front. This term is proportional to the molecular diffusivity D. He argued that it
is expected to be small in the large Reynolds number limit, in particular with view on
its turbulent equivalent defined above.
The turbulent flame propagation term is expressed by introducing the turbulent burn-
ing velocity as follows
〈ρs0L~n〉= (ρsT )~˜n , (3.54)
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with ~n as the normal vector of instantaneous flames and ~˜n as the normal vector of the
mean turbulent flame front. It is defined in analogy to Eq. (3.32) as
~˜n =− ∇G˜|∇G˜| . (3.55)
Inserting this definition into the transport equation finally yields the model equation for
the mean turbulent flame front
〈ρ〉∂G˜
∂t
+ 〈ρ〉∇G˜ ·~˜u =−〈ρ〉Dt κ˜|∇G˜|+(ρsT )|∇G˜| . (3.56)
An appropriate expression to calculate the turbulent burning velocity still needs to be
obtained. This is discussed in detail in Sec. 3.3.3.
The Equation for the Mean Turbulent Flame Brush Thickness
Modeling closures for the turbulent transport, turbulent production, and turbulent de-
struction terms of Eq. (3.47) are presented in this section. The turbulent transport terms
are modeled by a mean gradient transport hypothesis approach
〈ρ〉∇g˜′′ ·~u′′+ρ∇̂g′′ · (sL~n) =−∇|| ·
(
〈ρ〉Dt∇||G˜′′2
)
. (3.57)
The operator ∇|| indicates that only spatial gradients tangential to the mean turbulent
flame front have to be considered.
The turbulent production term can be modeled using a classical gradient flux ap-
proximation, since no second order derivatives occurs
〈2ρ~g ·~u′′〉= 2〈ρ〉Dt
(
∇G˜
)2
, (3.58)
with the following definition of the turbulent diffusivity Dt
Dt ≡ µt〈ρ〉Sct . (3.59)
The turbulent Schmidt number is given in Table 3.1.
The turbulent destruction term is dominated by kinematic restoration in the corru-
gated flamelets regime. If turbulent eddies perturb the flame front, the laminar burning
velocity tends to compensate these corrugations. Peters [75] derived a spectrum func-
tion of two-point correlations of G in the limit of large Reynolds numbers and large v′/s0L.
This leads to the following expression for the kinematic restoration
ω˜= 2 ̂ρ~g · (sL~n) = cωρεkG˜
′′2 , cω = 1.62 [77] . (3.60)
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In the thin reaction zone regime, however, the scalar dissipation term can be closed in a
similar way as the scalar dissipation term for non-reacting scalars,
χ˜= 2 ̂ρ~g · (sL~n) = cχρεkG˜
′′2 , cχ = 1.62 [77] . (3.61)
The kinematic restoration ω˜ and the scalar dissipation χ˜ have been combined to a single
sink term as
ω˜+ χ˜= cs
ε
k
G˜′′2 , cs = 2.0 [77] . (3.62)
Inserting all modeling closures into Eq. (3.47), the final equation for the mean turbulent
flame brush thickness is obtained
〈ρ〉∂G˜
′′2
∂t
+ 〈ρ〉d~˜x f
dt
·∇G˜′′2 = ∇|| ·
(
〈ρ〉Dt∇||G˜′′2
)
+2〈ρ〉Dt(∇G˜)2− cs〈ρ〉G˜′′2 εk .(3.63)
Neglecting the temporal and spatial derivatives, a steady state algebraic solution can be
obtained:
2D˜t(∇G˜)2 = csG˜′′2alg
ε˜
k˜
. (3.64)
Hence, the algebraic turbulent flame brush thickness is proportional to the integral
length scale √
G˜′′2alg
|∇G˜| = ` f ,t,alg = b2`t , (3.65)
with b2 = 1.78 as a modeling parameter, also given in Table 3.1. A turbulent flame
response time can also be formulated from Eq. (3.63) for constant turbulent intensity
and length scales:
G˜′′2(t) = G˜′′2
∣∣∣
t=t0
exp
(
−cs ε˜
k˜
t
)
+ G˜′′2alg
[
1− exp
(
−cs ε˜
k˜
t
)]
. (3.66)
Hence, the time until integral scale eddies wrinkle the flame front up to an algebraic
turbulent flame brush thickness scales with the turbulent eddy turnover time τ= k˜/˜ε.
Model Equations for the Turbulent Flame Surface Area Ratio
In this section, model equations for the turbulent burning velocity sT are discussed.
Different scaling laws for this velocity in large and small scale turbulence lead to an
algebraic expression of the turbulent flame surface area ratio. If this expression is nor-
malized by the turbulence intensity, it becomes Damko¨hler number dependent.
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In the large scale turbulence limit, expressed by Re→∞ and v′/s0L→∞, experimental
results from Abdel-Gayed et al. [89] suggests that the difference between the turbulent
and laminar burning velocity scales with the turbulence intensity
sT − sL = b1v′ b1 = 2.0 . (3.67)
For small scale turbulence, however, Damko¨hler postulated a scaling according to
sT − sL
sL
= b3
(
Dt
D
)1/2
b3 = 1.0 . (3.68)
Wenzel [111, 112] has performed DNS calculations and determined the constant b3 to
be b3 = 1.07. Since this result confirms Damko¨hler’s assumption in essence, b3 = 1.0
is used in the following. Introducing the flame surface area ratio σ with its relation to
the burning velocity ratio, compare Sec. 3.2.2, yields
σ=
AT
A
=
sT
sL
= σt +1 , (3.69)
with the turbulent flame surface area ratio σt . After averaging, the turbulent burning
velocity is obtained from
sT = (1+ σ˜t)sL . (3.70)
Introducing the turbulent flame surface area ratio into the equations for the small and
large scale turbulence limit leads to
σ˜t = b1
v′
sL
(3.71)
and
σ˜2t = a4b
2
3
`t
` f
v′
sL
with a4 = 0.78 . (3.72)
Combining both equations results in a quadratic expression for the turbulent flame sur-
face area ratio
σ˜2t
a4b23
` f
`t
+
σ˜t
b1
=
v′
sL
. (3.73)
Peters found the following relationship [77]
s0T − s0L
s0L
= σ˜t =−a4b
2
3
2b1
`t
` f
+
[(
a4b23
2b1
`t
` f
)2
+a4b23
v′
s0L
`t
` f
]1/2
(3.74)
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Symbol Value Definition
a4 0.78 Dt = a4 · v′`
b1 2.0 Experiments, Bradley [8]
b2 1.78 Peters [77]
b3 1.0 Experiments [19]
cs 2.0 Peters [76, 77]
Sct 0.7 analog to Prt for the enthalpy equation
cµ 0.09 Launder [5]
c0 0.44 c0 = cε1−1
c1 4.63 DNS, Wenzel [111]
c2 1.01 =
√
3cµcs
4Sct
c1b33
b1
c3 4.63 = c1/b23
Table 3.1: Modeling constants of the G-equation flamelet model
relating the normalized burning velocity sT/sL to the ratios of v′/sL and `t/` f as shown in
Fig. 3.5. An increase of the normalized turbulent length scale leads to an increase of the
burning velocity ratio by increasing the turbulent Damko¨hler number. The equation, if
normalized against the turbulence intensity instead the laminar burning velocity, can be
expressed by means of this Damko¨hler number
s0T − s0L
v′
=
∆s
v′
= σ˜t
sL
v′
=−a4b
2
3
2b1
Da+
√(
a4b23
2b1
Da
)2
+a4b23Da . (3.75)
All modeling constants are summarized in Table 3.1. The result of this equation is
presented in Fig. 3.6 showing good agreement to averaged experimental data. In the
large Damko¨hler number limit, this equation becomes Damko¨hler number indepen-
dent and leaves the relation sT = 2v′. In the small scale turbulence regime, however,
Eq. (3.75) shows a proportionality of ∆s/v′ to the square root of the Damko¨hler number.
The Damko¨hler number is independent of the Reynolds-number since it is based on in-
tegral scales only. Equation (3.75) is therefore valid in the large Reynolds-number limit
of common turbulence modeling.
Instead of deriving algebraic expressions for the flame surface area ratio, a dynam-
ical transport equation for this ratio can be formulated [53] by applying the Nabla op-
erator to the G-equation and multiplying the results by −~n. The resulting transport
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Figure 3.5: The burning velocity ratio sT/sL, calculated from Eq. (3.74), for different nor-
malized turbulent length scales `t/` f as a function of the normalized turbulence intensity
v′/sL [77].
equation, assuming constant density, laminar burning velocity, and diffusivity, reads
∂〈σ〉
∂t
+ 〈~u ·∇σ〉=−〈~n ·∇~u ·~nσ〉+ sL〈κσ+∇2G〉−D〈∇ ·κ∇G+κ2σ〉 , (3.76)
with the terms of turbulent production, kinematic restoration, and scalar dissipation
from left to right on the right-hand side of the latter equation. There is, however, no
straightforward way to close the expressions for the production and dissipation terms.
Therefore, Peters [79] derived a transport equation for σ˜t by means of partial differential
equations, obtained from steady-state expressions in the corrugated flamelet regime
sLσ˜t = b1
(
Sctcs
3cµ
)1/2
` f ,t
ε
k
(3.77)
which leads to the following expression
dσ˜t
σ˜t
=
dε
ε
− dk
k
+
1
2
dG˜′′2
G˜′′2
. (3.78)
For the thin reaction zones, the following expression for the turbulent flame surface area
ratio has been used
Dσ˜2t = b
2
3
cs
2
`2f ,t
ε
k
(3.79)
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Figure 3.6: The burning velocity difference ∆s = sT − sL, normalized by the turbulence
intensity v′ as a function of the turbulent Damko¨hler number Da [77]. Scatter dots
denote experimental data according to Bradley [8], large dots their averages, and the
line results from Eq. (3.75).
to obtain the partial differential expression. It reads
2
dσ˜t
σ˜t
=
dε
ε
− dk
k
+
dG˜′′2
G˜′′2
. (3.80)
Combining the transport equations for k, ε, G˜′′2, and ` f ,t , the dynamical equation valid
in both regimes reads [79]
〈ρ〉∂σ˜t
∂t
+ 〈ρ〉~˜u ·∇σ˜t = ∇|| ·
(〈ρ〉Dt∇||σ˜t) +c0P σ˜tk + c1〈ρ〉 Dt`2f ,t σ˜t
−c2〈ρ〉s
0
Lσ˜
2
t
` f ,t
− c3〈ρ〉Dσ˜
3
t
`2f ,t
,
(3.81)
with P as the turbulent production term defined as
P =−〈u′′i u′′j 〉
∂u˜ j
∂xi
. (3.82)
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The modeling constants are obtained by assuming a steady, planar, turbulent flame. In
this case, the convective and the turbulent transport term vanish. The production term
due to mean velocity gradients is assumed to be negligible compared to the other terms
and is therefore also omitted. Neglecting the trivial solution σ˜t = 0, the remaining
equation reads
c1
Dt
`2f ,t
− c2 s
0
L
` f ,t
σ˜t− c3 D
`2f ,t
σ˜2t = 0 . (3.83)
Assuming a stationary turbulent flame, the turbulent flame brush thickness can be re-
placed by its algebraic value (3.65), which yields
c1
Dt
`2t
− c2b2 s
0
L
`t
σ˜t− c3 D
`2t
σ˜2t = 0 (3.84)
Wenzel [111, 112] determined the modeling constant c1 to be c1 = 4.63 based on data
from DNS constant density isotropic homogeneous turbulent flow field simulations.
In the corrugated flamelet regime, kinematic restoration dominates scalar dissipation.
Equation (3.84) then reduces to
c1a4v′ = c2b2s0Lσ˜t , (3.85)
with Dt = a4v′`t and a4 = 0.78. Application of the experimentally obtained relationship
(3.67) leads to
c1a4 = c2b2b1 . (3.86)
Based on the equation, the modeling constant c2 can be determined to c2 = 1.01.
In the thin reaction zone regime, scalar dissipation dominates kinematic restoration.
Then, the corresponding equation reads:
c1Dt = c3Dσ˜2t (3.87)
Applying Eq. (3.68) then results in
c1 = c3b23 , (3.88)
which determines the remaining constant c3 to c3 = 4.63. All modeling constants are
also summarized in Table 3.1.
3.3.4 Flamelet Equations for Turbulent Premixed Combustion
The scale separation in turbulent combustion, introduced in Sec. 3.2.2, allows the calcu-
lation of inner structures of instantaneous premixed flames, employing finite rate chem-
istry, separately from the turbulent flow computation. Recalling the flamelet equations
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for laminar flames (3.12) and (3.13), and employing the following coordinate transfor-
mation
xn =
G−G0
σ
, (3.89)
the flamelet equations for the corrugated flamelet regime are obtained:
(ρs0L)σ
∂Yi
∂G
=
∂
∂G
(
ρDiσ2
∂Yi
∂G
)
+ ω˙ (3.90)
In the latter equation, σ couples the effect of the outer flow into the flamelet equations.
In the corrugated flamelet regime, the entire laminar flame structure remains unaffected
by turbulence and exists in a quasi-laminar environment.
In the thin reaction zone regime, however, the Kolmogorov eddies penetrate into
the preheat zone enhancing the scaling mixing therein. Therefore, Eq. (3.90) is not
applicable. Thus, different flamelet equations for the quasi-laminar inner reaction zone
and the perturbed preheat zone have to be considered. Flamelet equations which are
only valid in the inner reaction layer read:
ρ
∂Yi
∂t
=
∂
∂G
(
ρDiσ2
∂Yi
∂G
)
+ ω˙ (3.91)
Combining the latter equation with the equations valid in the corrugated flamelet regime
results in
∂ρYi
∂t
+σ
∂(ρsLYi)
∂G
=
∂
∂G
(
ρDiσ2
∂Yi
∂G
)
+ ω˙ . (3.92)
This equation, although retaining all terms relevant in both regimes, is, in case of the
thin reaction zone regime, only applicable to the inner reaction layer. In this regime,
boundary conditions have to be provided at the transition from the preheat to the inner
reaction zone and from the inner reaction zone to the oxidation layer, respectively, by
deriving the flamelet equations valid in the respective zones. In [77], a filtering tech-
nique has been applied to incorporate these boundary conditions for the thin reaction
zone regime into (3.92). This results in the flamelet equations valid in both regimes.
They read
∂ρYi
∂t
+σ
∂(ρsLYi)
∂G
=
∂
∂G
(
ρχ
L̂ei
∂Yi
∂G
)
+ ω˙ , (3.93)
with the scalar dissipation rate χ defined as
χ= 2Dσ2 , (3.94)
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and
L̂ei =
{
D/Di : in the inner reaction zone
D̂/(D̂+Di) : outside the inner reaction zone
(3.95)
The corresponding diffusivity on the filtered scale is denoted by D̂, which tends to unity
outside of the thin reaction zone as D̂ becomes equal to the turbulent diffusivity, D̂=Dt ,
and larger than Di.
3.3.5 The Presumed-Shape PDF Approach
The mean composition of the turbulent flow is determined by presuming the shape of
the probability density function of finding an instantaneous flame front to be of a Gaus-
sian distribution. The laminar burning velocity is, however, affected by the heat release
leading to a slight skew of the pdf towards the unburned gas. This is due to the fact
that the instantaneous flame front tends to have leading rounded edges towards the un-
burned gas and sharp narrow troughs towards the burnt gas. These effects are, however,
neglected in this approach.
The level set flamelet parameter of mean flame front position and its turbulent fluc-
tuations determines the distribution according to [113]
p˜ f (G˜; G˜0, G˜′′2) =
1√
2piG˜′′2
exp
(
−(G˜− G˜0)
2
2G˜′′2
)
. (3.96)
Integration normal to the local mean turbulent flame front surface G˜0 then yields the
probability of finding a flame front
P˜f (G˜; G˜0, G˜′′2) =
1
2
+
1
2
erf
 G˜− G˜0√
2G˜′′2
 . (3.97)
The mean composition of the burnt gas is calculated from an ensemble average of lam-
inar flames. The Favre average of the species mass fraction then follows to
Y˜i = Y˜i,u(1− P˜f )+ P˜f
∫ 1
0
Yi,b(Z)P˜(Z; Z˜, Z˜′′2)dZ , (3.98)
with a beta-pdf integration of the burnt gas compositions.
Chapter 4
Non-Premixed Diffusion Combustion
For safety reasons, many combustion systems require that the fuel and the oxidizer are
not mixed prior to combustion. Diesel engines, turbines, or furnaces, for instance, op-
erate at least partially under non-premixed conditions. In this chapter, the fundamentals
of non-premixed combustion are discussed. In such systems, the fuel and the oxidizer
are initially separated and enter the reaction zone by diffusive transport. Therefore, the
improvement of these combustion processes demands the understanding of molecular
and turbulent transport of the reactive components into the reaction zone, which is the
rate-determining process. In this chapter, the flamelet model as proposed by Peters [71]
is presented and the mixture fraction variable and scalar dissipation rate are introduced.
4.1 The Flamelet Model
The steady state laminar flamelet equations based on the mixture fraction as the inde-
pendent variable were derived independently by Peters in 1980 [70] and Kuznetsov in
1982 [110]. The corresponding unsteady formulation was developed by Peters in 1984
[71] and in 1986 [72], respectively. In more recent times, the flamelet equations were
rederived by Peters [77] using a two-scale asymptotic analysis.
4.1.1 The Mixture Fraction Variable
The mixing process between the fuel and the oxidizer is similar to that of a two-stream
system, mixed in a shear layer. The mixture fraction variable defines the mixture com-
position in a two-stream configuration (2S) as
Z2S =
m1
m1+m2
, (4.1)
with m1 as the fuel stream mass and m2 as the oxidizer stream mass, respectively. Using
this definition, Z = 0 refers to the composition of the oxidizer stream and Z = 1 refers to
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the corresponding composition of the fuel stream. In a general one-step global reaction
mechanism, the stoichiometric mixture fraction is given by
Zst =
[
1+ν
YF,1
YO2,2
]−1
, (4.2)
with ν= YO2/YF |st , with YF,1 as the mass fraction of the fuel in the fuel stream, and with
YO2,2 as the oxygen mass fraction in the oxidizer stream. The relationship between the
mixture fraction and the equivalence ratio φ can be derived to
φ=
Z2S
1−Z2S
1−Zst
Zst
, (4.3)
assuming that the streams only contain air and fuel, but not inert gas. The air/fuel-ratio
(A/F) is related to the mixture fraction as follows
Z2S =
1
(A/F)+1
. (4.4)
In a general engine-relevant configuration, however, inert gas is added to the mixture by
exhaust gas recirculation (EGR) or, following the definitions above, by a third stream
m3, respectively. The two-stream mixture fraction, defined in Eq. (4.1), can be related
to this general three-stream mixture fraction Z3S according to,
Z2S =
m1
m1+m2
=
m1
m1+m2+m3−m3 =
m1/(m1+m2+m3)
1−m3/(m1+m2+m3) , (4.5)
which corresponds to
Z2S =
Z3S
1−YDil =
Z
1−YDil , (4.6)
which can then be used in Eq. (4.3) and Eq. (4.4), respectively, to obtain the local
equivalence ratio or air/fuel-ratio. The mass fraction of inert gas in Eq. (4.6) is denoted
by YDil = m3/(m1+m2+m3) and is also defined in Eq. (5.5).
In order to describe the statistics of the instantaneous fluctuations of mixture compo-
sitions, the averaged mixture fraction equation is solved with an additional source term
S˙ to include fuel evaporation [88],
∂〈ρ〉Z˜
∂t
+ 〈ρ〉∇Z˜ ·~˜u = ∇ ·
〈ρ〉(D˜L+ D˜t)︸ ︷︷ ︸
≈D˜t
∇Z˜
+ S˙ , (4.7)
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together with the mixture fraction variance equation, introduced as the second moment
of the mixture fraction [74],
∂〈ρ〉Z˜′′2
∂t
+ 〈ρ〉∇Z˜′′2 ·~˜u = ∇ ·
(
〈ρ〉D˜t∇Z˜′′2
)
+2〈ρ〉D˜t(∇Z˜)2−〈ρ〉χZ . (4.8)
A spectral closure is commonly used for the scalar dissipation:
χZ = cχZ˜′′2
ε˜
k˜
; cχ = 2.0 [77] . (4.9)
4.1.2 The Flamelet Equations
The flamelet equations can be obtained by a local coordinate transformation and bound-
ary layer arguments, applied on the three-dimensional transport equations for the species
mass fraction
ρ
∂Yi
∂t
+ρvα
∂Yi
∂xα
+
∂
∂xα
( ji,α) = m˙i i = 1, ...,n (4.10)
with n as the number of species and ji,α as mass diffusion modeled using Fick’s first
law of binary diffusion. The temperature equation reads
ρ
∂T
∂t
+ρvα
∂T
∂xα
+
λ
c2p
(
n
∑
i=1
ji,αcp,i
cp
λ
− ∂cp
∂xα
)
∂T
∂xα
+
1
cp
(
n
∑
i=1
him˙i− ∂p∂t
)
=
∂
∂xα
(
λ
cp
∂T
∂xα
)
,
(4.11)
neglecting radiation and assuming the following relationship for the thermal conduction
jTα =−λ
∂T
∂xα
. (4.12)
The thermal conductivity is denoted by λ. Assuming that the reaction layer can be
identified as the iso-surface of stoichiometric mixture, a local coordinate transformation
is introduced. The coordinate x1, which is normal to this iso-surface, is replaced by Z.
The other coordinates are tangential to that surface. Retaining only leading order terms,
the flamelet equations read for the species mass fraction [77]
ρ
∂Yi
∂t
= ρ
χ
2Lei
∂2Yi
∂Z2
+ m˙i , (4.13)
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and for the temperature
ρ
∂T
∂t
= ρ
χ
2
∂2T
∂Z2
+ρ
χ
2cp
(
n
∑
i=1
cp,i
Lei
∂Yi
∂Z
+
∂cp
∂Z
)
∂T
∂Z
+
1
cp
(
∂p
∂t
−
n
∑
i=1
m˙ihi
)
. (4.14)
In the gasoline combustion simulations, the chemistry is described by a detailed
chemical kinetic mechanism that incorporates low, intermediate, and high temperature
oxidation chemistry of n-heptane/iso-octane mixtures. It consists of 82 species and 368
reactions and was constructed by Advanced Combustion GmbH [85]. The complete
chemical mechanism is given in the Appendix. All calculations were performed us-
ing a PRF87 mixture, which consists of 87 % iso-octane and 13 % n-heptane by liquid
volume. The good agreement of corresponding ignition delay predictions with experi-
mental shock tube data from Gauthier et al. [6] is shown in Fig. 4.1.
Figure 4.1: Validation of the applied detailed chemical mechanism for auto-ignition
(lines), given in the Appendix, against experimental shock tube ignition delay data (sym-
bols) from Gauthier et al. [6] for a stoichiometric PRF87/air mixture.
The Scalar Dissipation Rate
The modeling parameters of the flamelet equations are the scalar dissipation rate χ and
the pressure p. A well-established model for the scalar dissipation rate is the erfc-profile
according to Peters [71]:
χ(Z) =
as
pi
exp
{−2[erfc−1(2Z)]2}= as
pi
ferfc(Z) . (4.15)
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This function can be parameterized such that only a single value for the scalar dissipa-
tion rate at a specific mixture fraction is needed to obtain the complete distribution, e.g.,
the value at stoichiometric mixture fraction yields
χ(Z) = χ(Zst)
ferfc(Z)
ferfc(Zst)
. (4.16)
The usual choice is to take the scalar dissipation rate conditioned on the stoichiometric
mixture. This scalar dissipation rate χst,l is computed according to Hellstro¨m [34],
χst,l =
χ˜∫ 1
0
ferfc(Z)
ferfc(Zst)
P˜(Z) dZ
, (4.17)
with P˜(Z) as the presumed probability density function (β-PDF), described in [68, 95],
showing good approximations of homogeneous, isotropic turbulence and jet-diffusion
flames. The domain-averaged scalar dissipation rate, conditioned on stoichiometric
mixture [83], reads
χ̂st =
∫
V χ
3/2
st,l ρ¯ P˜(Zst) dV∫
V χ
1/2
st,l ρ¯ P˜(Zst) dV
, (4.18)
with V as the domain of averaging. The average pressure p̂ is computed using the
following volume average
p̂ =
∫
V p dV∫
V dV
. (4.19)
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Chapter 5
A G-Equation Model for Turbulent
Partially-Premixed Combustion
In this chapter, the development of a detailed chemistry G-equation model to simulate
turbulent partially-premixed combustion is discussed. The first section deals with the
tabulation of pre-computed one-dimensional laminar flames at different mixture condi-
tions. A recently developed reduced mechanism for gasoline oxidation [46] has been
used for their computations. Flame-tables were generated to make the detailed laminar
flame structures, to be modeled within the G-equation, available to the 3D engine com-
bustion simulations. In Sec. 5.2, a novel physical model, developed for the prediction of
partially-premixed combustion in spark-ignition engines, is presented. A brief review
of two well-established engine ignition models, the AKTIM [14, 40] and the DPIK
[24, 97, 99, 100] model, is given. Then, high-speed laser images, taken by Drake and
Fansler [61, 62, 103], of spark-ignition phenomena in a spray-guided gasoline engine
are presented. These images motivated the development of the Spark-Channel Ignition
Monitoring Model SparkCIMM, discussed in detail in Sec. 5.2.3.
5.1 A Reduced Mechanism for Gasoline Oxidation
Modern stratified charge spark-ignition engines show promising results in the endeavor
to equally increase engine efficiency and reduce pollutant formation. They put, how-
ever, a strong challenge on the accurate prediction of appropriate flame propagation ve-
locities, flame structures, and heat release rates in the numerical simulation. Although
approximation formulas are widely known which proved successful to approximate the
laminar burning velocity in former homogeneous charge engine simulations [17, 21],
these are not easily applicable to highly diluted and locally rich mixtures.
In this chapter, the generation of a flame table of laminar flamelet parameters for dif-
ferent mixture conditions is discussed. Experimental measurements of laminar burning
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velocities and Markstein numbers were performed in a constant-volume vessel. This
data set consequently served as a basis for the development of a reduced mechanism
for flame front propagation calculations of primary reference fuels at engine-relevant
conditions. These fuels are used as gasoline surrogates. Laminar flames at different
mixture conditions were calculated with a 1D flamelet code. The flamelet parameters
were then made available to the 3D engine combustion simulations by generated flame-
tables, discussed in Sec. 5.1.3.
5.1.1 Experimental Measurements of Laminar Flame Speeds and
Markstein Numbers at Elevated Pressures
In this study, spherical expanding flames were experimentally investigated to determine
laminar burning velocities and Markstein numbers under engine-relevant conditions, us-
ing the constant volume bomb method. The experimental setup is described in detail in
[46]. Data sets are obtained for an initial temperature of Tu = 373 K, and for equivalence
ratios and thermodynamic pressures varying from 0.7 < φ< 1.3 and from 10 < p < 25
bar, respectively. A dark field He-Ne laser Schlieren measurement technique was used
to visualize the propagating flame. A digital image processing was consequently used
to obtain flame propagation velocities at different radii with respect to the burned gases
. The burning velocity and the stretch rate are determined from the rate of change of the
flame radius
Sb =
drb
dt
. (5.1)
The laminar burning velocity S0b is then obtained by a linear interpolation to zero stretch
Sb = S0b−Lbκ . (5.2)
For spherical flames, the stretch rate can be approximated to
κ=
1
A
dA
dt
≈ 2
rb
Sb . (5.3)
The laminar burning velocity s0L with respect to the unburnt gas is then calculated from
the continuity equation,
S0bρb = s
0
Lρu , (5.4)
with ρb and ρu as the densities of burnt and unburnt gas, respectively.
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5.1.2 A Reduced Mechanism for Gasoline Surrogate Kinetics
In this section, the development of a short chemical kinetic mechanism, described in
detail in [46], is presented. It is used to simulate the experimentally obtained high
pressure data for laminar burning velocities of a primary reference (PRF) fuel, used
as a gasoline surrogate. In addition to the measurements discussed in Sec. 5.1.1, the
following sets of experimental data were used for the validation of the mechanism:
shock tube ignition delay times for n-heptane and iso-octane air mixtures with pressures
ranging from p = 1 bar to p = 40 bar, equivalence ratios varying between φ = 0.5 and
φ= 2, and temperatures in the range between Tu = 600 K and Tu = 1500 K, respectively.
Also, laminar burning velocity measurement data for methane, ethane, propane, butane
and iso-butane, heptane, iso-octane, and PRF mixtures taken at atmospheric pressures
were included. At p = 5 bar, laminar burning velocity measurements for ethane and
propane/air mixtures were considered as well. References to this data can also be found
in [46].
The comprehensive Lawrence Livermore mechanisms (LLNL) for n-heptane [38]
and iso-octane [39], containing hundreds of species and thousands of reactions, were
used as a starting scheme in this work. The Directed Relation Graph with Error Propaga-
tion Method (DRGEP) [69] was applied as an automatic reduction strategy to reduce the
original mechanism down to a skeletal size which can be handled by a one-dimensional
flame code. This step was performed for each of the original mechanisms. As the goal
was to derive a mechanism for PRF mixtures, these skeletal mechanisms were even-
tually combined. One of the major adjustments to this combined mechanism was the
modification of the following reaction, sensitive for the burning velocity of methane:
H63f: HCO+M→ H +CO+M (R1)
In the iso-octane mechanism, the third body efficiency in this reaction was set to unity
for all species, whereas in the n-heptane mechanism, the third body efficiency of water
is set to 12. For the combined mechanism, an efficiency of 6 was used to match the
experimental data.
In [46] the development of two mechanisms of different sizes are described; the
larger one was developed and validated to capture auto-ignition phenomena. An even
shorter mechanism was used for the simulation of propagating flames. It was shown
in [46] that low temperature chemistry plays a negligible role for flame propagation.
The corresponding mechanism, which was finally used as a basis for the 3D G-equation
combustion model, is therefore a further reduction of the skeletal auto-ignition mecha-
nism.
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5.1.3 The Method of Tabulated Detailed Chemistry Flamelets
In spark-ignition engines turbulent flame front propagation typically takes place in the
corrugated and the thin reaction zone regimes where the turbulent eddies wrinkle and
strain the flame but not perturb the inner reaction zone [76, 77]. Therefore, the time and
length scales of combustion are separated from those of turbulence within the inertial
subrange. This scale separation allows the calculations of flame structures apart from
the 3D CFD simulations. In this study the G-equation tracks the mean turbulent flame
front with the turbulent burning velocity sT as the most important modeling quantity.
The laminar burning velocity sL and the laminar flame thickness ` f are critical flamelet
parameters to compute sT . Opposed to diffusion combustion, in which the development
of the scalar dissipation and its turbulent fluctuations strongly affect the progress of
combustion, laminar flame structures are to leading order only dependent on the mixture
conditions in front of the flame. Therefore, solutions of laminar flames with variations in
mixture fraction, unburnt gas temperature, dilution mass fraction, and thermodynamic
pressure, have been computed previous to the 3D engine combustion simulations using
the 1D flame code CANTERA together with the developed reduced mechanism for
flame propagation, discussed in Sec. 5.1.2. Results of these calculations are presented
in Fig. 5.1 and 5.2. They show the flamelet profiles of temperatures and the main species
mass fractions of C8H18, CO2, H2O, and CO of flames under engine-relevant conditions.
The mixture dilution YDil is defined as the mass fraction of non-reactive combustion
products. In engine applications, this parameter conveniently expresses the effect of
internal and external exhaust gas recirculation (EGR) to combustion. The EGR contains
inert combustion products and air, dependent on the air/fuel ratio of the former engine
cycle. The dilution mass fraction of the unburnt gas reads
Y˜Dil = Y˜inert,EGR− Y˜N2,Air,EGR , (5.5)
with Y˜N2,Air,EGR as the mass fraction of nitrogen contained in unconsumed air within the
EGR stream.
To make solutions of detailed chemistry computations available to 3D engine com-
bustion simulations, the laminar burning velocities and laminar flame thicknesses have
been processed from the performed flame calculations and consequently tabulated as
functions of mixture fraction, unburnt gas temperature, dilution mass fraction, and ther-
modynamic pressure. Efficient hashing functions then provide the required computa-
tional performance of look-up computations during 3D CFD simulations.
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Figure 5.1: Temperature and main species profiles of one-dimensional premixed laminar
flames at engine-relevant conditions for a mixture dilution mass fraction of YDil = 0.15.
This mixture dilution YDil is defined in Eq. (5.5) as the mass fraction of non-reactive
combustion products in the fresh gas.
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Figure 5.2: Temperature and main species profiles of one-dimensional premixed laminar
flames at engine-relevant conditions for a mixture dilution mass fraction YDil = 0.25.
This mixture dilution YDil is defined in Eq. (5.5) as the mass fraction of non-reactive
combustion products in the fresh gas.
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Approximation Formula for Laminar Flames
For fuels except gasoline, tabulated detailed chemistry solutions are not available in
this study. Therefore, the following approximation formula based on an asymptotic
analysis performed for lean methane/air flames by Peters et al. [107] is being used.
It was extended by Ewald [20] to additionally take exhaust gas recirculation rates into
account:
sL = A(T 0)Z2Sm
Tu
T 0
(
Tb−T 0
Tb−Tu
)n
, (5.6)
with the two-stream mixture fraction Z2S = Z/(1−YDil), derived in Eq. (4.5), and the di-
lution mass fraction YDil , defined in Eq. (5.5). The first term on the right-hand side of
Eq. (5.6) is expressed as
A(T 0) = F exp
(
− G
T 0
)
. (5.7)
Beyond the inner layer temperature T 0, chain-breaking reactions dominate over chain-
branching reactions. This temperature is calculated according to
T 0 =− E
ln
( p
B
) . (5.8)
The adiabatic flame temperature is estimated from the following equation dependent on
the equivalence ratio and mixture dilution mass fraction
Tb = (aTu+b+ cφ+dφ2+ eφ3) · (1−YDil) . (5.9)
In addition to the laminar burning velocity, the laminar flame thickness ` f is approxi-
mated by
` f =
D
sL
=
λ
cpρusL
, (5.10)
using the relationship for λ/cp according to Smooke et al. [63], given in Eq. (3.2). The
fuel dependent parameters m, n, F , G, E, B, a, b, c, d, and e are given in [107] and [20].
5.2 A Three-Stage Spark-Ignition Combustion Model
In spark-ignition engines, an electrical spark is commonly used to form a local flame
kernel at the center of a spark gap which, consequently, initializes combustion. The
process between the start of energy discharge and the first noticeable flame propagation
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has been subdivided into different phases at first by Maly and Vogel [57] and later by
Heywood [42]. In the first phase of spark breakdown, an ionized plasma is established
within the first nanoseconds between the electrodes of the spark plug. This plasma
consequently expands due to diffusion and chemical reactions. This phase is called the
arc phase and lasts a couple of microseconds. In the last phase of glow discharge, the
energy of the electrical circuit is released into the plasma for several milliseconds.
A thermodynamic model relating the early flame kernel propagation to a balance
of heat losses to the spark plug electrodes and the electrical energy source has been
presented by Pischinger and Heywood [81, 82]. They also found that the flow field
affects this balance which in turn modifies the flammability of the mixture. A spherical
flame kernel model which convects at the local flow was at first presented by Herweg
and Maly [36]. The flame propagation velocity was obtained from a sum of laminar,
turbulent, and plasma expansion velocities.
5.2.1 Spark-Ignition Modeling: The State of the Art
Two more recent developments are the Discrete Particle Ignition Kernel (DPIK) and the
Arc and Kernel Tracking Ignition Model (AKTIM). These models of greater complexity
are briefly reviewed in this section, before the newly developed spark-ignition model
SparkCIMM is introduced in 5.2.3. Its modeling concept is motivated by high-speed
laser images showing complex processes for spark and ignition in a spray-guided spark-
ignition gasoline engine, as presented in Sec. 5.2.2.
The DPIK Model
The Discrete Particle Ignition Kernel (DPIK) model, developed by Reitz et al. [24, 97,
100], tracks the early flame propagation within a 3D engine combustion simulation.
This spark-ignition model is based on a G-equation formulation to track the early flame
front. In a more recent study [99], this combustion model was successfully applied to
predict the turbulent combustion in homogeneous charge spark-ignition engines.
The DPIK model belongs to the single flame kernel models. At start of energizing,
a single spherical flame kernel with radius r0K = 0.5 mm is introduced at the center
between the spark electrodes. The ignition kernel surface is defined by marker particles.
The kernel growth rate is calculated as
d
dt
rK =
ρu
ρK
(sT + splasma) . (5.11)
The turbulent burning velocity is denoted by sT , ρu and ρK are the unburnt and burnt gas
densities, respectively. The plasma expansion velocity splasma due to the spark energy
discharge rate is calculated from an energy balance between the flame kernel and spark
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gap electrodes. The turbulent burning velocity is computed from an approach proposed
by Herweg and Maly [36]
sT
sL
= I0+ I
1/2
0
(
v′
v′+ sL
)1/2(
1− exp
(
−rK
`t
))1/2
·[
1− exp
(
− t
T0G
)]1/2( v′
sL
)5/6
,
(5.12)
with I0 to account for the effects of strain on the kernel development according to Maly
[57], v′ is the turbulence intensity, `t is the integral length scale, and T0G denotes a
characteristic time scale. The laminar burning velocity is denoted by sL and calculated
using the correlation from Metghalchi and Keck [64]. Once the ignition kernel exceeds
a radius related to the integral length scale, the ignition model switches to the 3D G-
equation level-set flame front tracking model [77].
The DPIK model introduces several simplifications. At time of spark energizing, a
flame kernel is being initialized. This implies that criteria for successful ignition and
flame kernel propagation are not applied and that the modeling of the arc is omitted. Ef-
fects of spark-channel stretching and re-strikes on the position and time of local flame
kernel formation can therefore not be taken into account. These effects, however, de-
termine initial combustion related quantities like equivalence ratio and turbulent kinetic
energy. The flame kernel does not convect at the local flow and remains of spherical
shape. The DPIK model further neglects effects of turbulent equivalence ratio and en-
thalpy fluctuations on the laminar burning velocity. The influence of fluctuating laminar
stretch rates on the development of the early quasi-laminar flame kernel due to curvature
is also neglected.
The AKTIM Model
The Arc and Kernel Tracking Ignition Model (AKTIM) [14, 40] also tracks, similar to
the DPIK approach, the early flame kernel processes within a 3D CFD simulation. It is
coupled to the Coherent Flame Model (CFM) [25] and is based on four sub-models to
describe the different stages of flame kernel development. Lagrangian marker particles
are used to represent the spark plug in the computational mesh. The surface contact area
between the electrodes and the flame kernel is calculated to obtain heat losses of the
early flame. A drag force is induced onto the flow field based on the particle positions
to model the effect of the spark plug on the local flow field. It applies an electrical
circuit model to track the spark energy deposition into the arc. The arc is represented by
computational particles. The breakdown energy Ebd is calculated based on experimental
results from Verhoeven [108].
Ebd ∼
V 2bd
d
, (5.13)
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with Vbd as the breakdown voltage and d as the distance of the spark electrodes. The
length of the arc `spk, the pressure p, and the current i in the secondary circuit affect the
voltage in the gas column:
Vgc = 40.46`spki−0.32s p
0.51 (5.14)
If this voltage reaches the breakdown voltage Vbd , the model initializes a new arc. The
glow phase lasts as long as there is electrical energy available on the secondary circuit.
The AKTIM model introduces several particles (∼ 4000) representing the gravity
center of possible flame kernels each having a statistical weight. The flame kernels
convect at the local flow and receive energy from the electrical power of the spark. When
the critical energy Ecrit is reached, ignition occurs, and the already existing kernel is
allowed to grow. This energy is calculated following an approach proposed by Adelman
[1],
Ecrit =
γ
γ−1`spk ppiδ
2
L , (5.15)
with δL as the local flame thickness and κ= cp/cv. The flame kernels grow spherically
at a turbulent burning velocity according to the ECFM approach. The laminar burn-
ing velocity is computed from the correlation from Metghalchi and Keck [64], further
modified to obtain the effective laminar burning velocity due to spark energy discharge
according to Pischinger und Heywood [82].
The AKTIM model introduces several simplifications. The ignition criterion for
successful localized flame kernel growth is based on an approach which assumes a lam-
inar flow field only. Therefore, the effect of scalar dissipation rates on localized ignition
events cannot be taken into account. It also assumes that flame kernel propagation takes
place as soon as an ignition spot has been formed. The AKTIM model does not apply
flame extinction criteria and therefore neglects the fundamental different aspects lead-
ing to successful auto-ignition or flame front propagation, respectively. The influence
of turbulent equivalence ratio variations on the laminar burning velocity is included
[14]. Effects of enthalpy fluctuations in the unburnt gas on the development of the early
flame kernel, however, are not considered. The applied approximation formula for lam-
inar burning velocities does also not account for turbulent flame strain-rate fluctuations
due to equivalence-ratio stratifications in non-unity Lewis number mixtures.
5.2.2 High-Speed Laser Imaging of Ignition Phenomena in
Spray-Guided Gasoline Engines
Spray-guided spark-ignition direct-injection (SG-SIDI) engines offer substantially im-
proved fuel economy and performance by reducing pumping losses through stratified
charge operation. In these engines, fuel is directly injected into the cylinder and forms
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a partially-premixed fuel cloud around the spark plug [62, 103, 105]. This enables
an expanded stratified charge operating regime. The closeness of the fuel spray and
the spark electrodes can cause, however, unfavorable conditions for ignition, including
steep gradients in local velocities and equivalence ratio with substantial cyclic variabil-
ity [61, 101, 104]. The narrow, high-velocity spray plumes from multi-hole fuel in-
jectors exacerbate the situation even further. High-speed (24,000 frames/s) laser-sheet
imaging techniques for the visualization of the fuel spray, spark-channel, ignition, and
flame kernel development has been developed for an optically accessible engine at the
General Motors Technical Center, in Warren, USA to obtain a more fundamental under-
standing of ignition phenomena in SG gasoline engines.
Fig. 5.3 shows the experimental setup of the single-cylinder SG-SIDI engine. It
is equipped with a four-valve pent-roof head and a contoured combustion bowl in the
piston. Gasoline is injected from a centrally mounted high-pressure multi-hole fuel
injector towards an extended-electrode spark plug driven by a high-energy inductive ig-
nition system. The charge is diluted with nitrogen to simulate exhaust gas recirculation,
used to reduce the flame temperature and to control the formation of nitrogen oxides.
Optical access is obtained through a quartz window in the bottom of the piston bowl and
through a window in the cylinder head and a side cutout in the piston.
Figure 5.3: Experimental setup of the optically accessible spray-guided gasoline engine
[18].
The engine specifications and operating conditions for a warmed-up, highly strati-
fied part-load condition are summarized in Sec. 8 in Table 8.1. High-speed laser sheet
Mie-scattering have been used to visualize the development of early flame kernels after
spark ignition. For that matter, silicone-oil droplets have been uniformly seeded into
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the intake air [102]. At the top of Fig. 5.4, flame kernels are shown by the dark regions
where the scattering particles have vaporized. Bright regions in the first image are due
to spark emission and light scattered from residual spray droplets. At the bottom, an
enlarged view on the spark gap is shown. The spark-channel is stretched up to the right
due to the strong flow field induced by direct spray-injection. The Mie-scattering image
also shows the formation of a flame kernel due to localized ignition along the arc.
Figure 5.4: (Top): Individual cycle high-speed laser-sheet Mie-scattering images of
early flame front propagation. (Bottom): Enlarged Mie-scattering image showing local-
ized flame kernel formation along the stretched spark-channel [18].
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5.2.3 The Non-Spherical Non-Unity Lewis Number SparkCIMM
Model
The spark-channel ignition monitoring model SparkCIMM has recently been introduced
and a documentation of a former version of this approach can be found in [18]. The
general modeling concept was motivated by high-speed laser imaging data from Drake
and Fansler [61, 62, 103], showing complex phenomena for spark and ignition. The
model reduces the development of spark-induced turbulent combustion to a character-
istic three-stage process. First, the spark energy deposition rate establishes a spark-
channel which gets further stretched and corrugated by the local flow field. Flame ker-
nels are initiated along this spark-channel wherever local conditions permit it. These
conditions are determined by the mixture composition, and the rates of energy depo-
sition and scalar dissipation. The flamelet equations [71] are introduced in this ap-
proach to further advance the modeling accuracy of local ignition events. Second, lo-
cally launched flame kernels of spherical shape propagate into the turbulent partially-
premixed mixture under a strong influence of turbulent diffusivity and fluctuations of
enthalpy, laminar stretch rates, and mixture fraction. These stretch rates are computed
from a non-unity Lewis number Markstein diffusion formulation according to Matalon
[59, 60] and Bechtold [49]. In this study, it is shown that the molecular curvature term,
typically neglected in engine spark-ignition calculations [14, 21, 99], substantially con-
tributes to the early turbulent burning velocity. Therefore, this term cannot be neglected
and is remained in the G-equation. It also leads to a generalized equation for the predic-
tion of turbulent burning velocities of stretched flames in partially-premixed mixtures,
introduced to appropriately capture the early flame propagation. Multiple flame ker-
nels, launched during the time of spark energy deposition, eventually merge and form a
non-spherical mean turbulent flame front, tracked by the presented Lagrangian particle
ignition model. Third, the initially quasi-laminar flame kernels develop into a turbulent
flame front, further tracked by a level-set approach as soon as the flame kernel shape
is resolved by the applied computational grid. Detailed chemical kinetic mechanisms
are used for the prediction of local flame kernel formation, due to spark-induced auto-
ignition events along the spark-channel, and their laminar burning velocities at different
mixture conditions. In Sec. 5.2.5, the prescription of local mixture compositions, based
on the reduced mechanism for the oxidation of gasoline surrogates (Sec. 5.1) and de-
pendent on the flamelet parameters G˜ and G˜′′2, is presented.
Spark-channel modeling
At the time of energizing, a thin spark-channel forms between the electrodes of the
spark gap. The spark-channel (arc) represents a self preserving gas discharge between
the electrodes, with a sufficient level of electrode voltage to maintain the required high
current density by collision ionization. Assuming that the current I flows perpendicular
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through the cross sectional area A of the arc, the current density can be expressed as
J =
I
A
. (5.16)
The current I depends on the electrode voltage U and the electrical resistance R of the
arc
I =
U
R
. (5.17)
The typical spark-channel thickness (dsprk ∼ 0.05 mm) is too thin to be resolved by
common computational grids. Instead, Lagrangian marker particles are used for its rep-
resentation. Mixture properties of the local flow field are interpolated to these particles
from the grid cell values. The motion of the mean position of the ionized arc, includ-
ing effects of turbulent stretch and wrinkle on the spark-channel, is modeled by the
following convection equation solved for each representative particle:
~up = ~˜ucell +∇~˜ucell ·∆~xp,cell︸ ︷︷ ︸
local mean value
+
(√
2
3
(
k˜cell +∇k˜cell ·∆~xp,cell
)(dsprk
`t,p
)1/3)
· sign(1, rand(∆τ?))︸ ︷︷ ︸
superimposed turbulent fluctuation
.
(5.18)
The indices (p) and (cell) refer to the particle and to the computational grid cell value,
respectively. The integral turbulent kinetic energy is denoted by k˜, ∆~xp,cell is the local
distance vector between the particle position and the corresponding grid cell center, and
dspk is the thickness of the spark-channel. The local integral length scale `t,p at each
particle is computed according to
`t,p = c1
k˜3/2p
ε˜p
; c1 = 0.2014 [92], (5.19)
with k˜p and ε˜p as the turbulent kinetic energy and eddy dissipation rate at the particle
position. The stochastic superimposed fluctuation is modeled by a fluctuation time scale
τ?, taken as the turbulent turnover time of eddies of the spark-channel size,
τ? =
k˜p
ε˜
. (5.20)
The mixture is monitored during the spark duration at each particle location p for
the formation of a quasi-laminar flame kernel. These formations are determined by
Chapter 5. A G-Equation Model for Turbulent Partially-Premixed Combustion 59
auto-ignition phenomena and are thus independent from the ability to support the prop-
agation of a flame at the local mixture conditions. Therefore, the flamelet equations
[71] are used in this model to detect local ignition events. They consider detailed chem-
ical kinetics and local scalar dissipation rates. The flamelet equations read in mixture
fraction space, compare Sec. 4.1.2,
ρ
∂Yi
∂t
= ρ
χ
2Lei
∂2Yi
∂Z2
+ m˙i
ρ
∂T
∂t
= ρ
χ
2
∂2T
∂Z2
+ρ
χ
2cp
(
n
∑
i=1
cp,i
Lei
∂Yi
∂Z
+
∂cp
∂Z
)
∂T
∂Z
+
1
cp
(
∂p
∂t
−
n
∑
i=1
m˙ihi
)
+ S˙sprk
(5.21)
Ignition spots are assumed to form due to heat conduction from the arc into the sur-
rounding mixture. The source term S˙sprk accounts for this effect and scales with the
spark energy deposition rate. It reads
S˙sprk = ρ
Q˙sprkηe f f
mKcp
, (5.22)
with Q˙sprk as the spark energy deposition rate, ηe f f ∼ 0.3 as an efficiency coefficient
related to heat losses [36], cp as the heat capacity of the mixture, and mK as the excited
mass close to the spark-channel. This mass is contained in the cylindrical volume with
the center axis defined by the spark-channel position and with a radius equal to the
assumed initial flame kernel size (∼ 0.5 mm [57]). The spark energy deposition rate
Q˙sprk is assumed to be constant during the spark duration. The modeling parameters of
the flamelet equations are the scalar dissipation rate χ and the pressure p. The scalar
dissipation rate is computed as presented in Sec. 4.1.2.
A flame kernel is placed locally at the corresponding spark-channel particle i, if the
computed averaged temperature T˜i over a range of mixture fraction (∆Z), corresponding
to a flame kernel size (r˜K,0 ∼ 0.5 mm [57]) in physical space, exceeds the cross-over
temperature T 0:
T˜i =
1
∆Z
Zi+ 12∆Z∫
Zi− 12∆Z
 1∫
0
T (t,Z)P˜(Z; Z˜, Z˜′′2)dZ
dZ ≥ cT 0T 0 , (5.23)
with the modeling constant cT 0 = 1.05. Mixture temperatures T (t,Z) are computed
by the flamelet model and are embedded in a beta-pdf integration [95] to account for
turbulent mixture fraction fluctuations. The range of averaging (∆Z) is computed as
given in
∆Z = ∇||Z˜ ·2r˜K,0 , (5.24)
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with∇||Z˜ as the local 3D mean mixture fraction gradient tangential to the spark channel.
At temperatures beyond T 0 (∼ 1400 K), chain-breaking reactions dominate over chain-
branching reactions. This temperature therefore serves as the kinetic condition for flame
front propagation. It is fuel dependent and assumed to be constant over equivalence ratio
space. It increases with pressure and is computed from Eq. (5.8).
A re-strike, resetting the spark-channel particles to its original position, is applied
if the arc exceeds a predefined length (`sprk ∼ 10 mm) determined from experiments.
An increasing arc length increases its electrical resistance R, until the electrode voltage
is not sufficient anymore to maintain the necessary current density along the spark-
channel. After a re-strike, fresh mixture gets excited from that time on.
In this model, a local ignition event, predicted by the flamelet equations, does not
necessarily lead to a consecutive flame kernel propagation. If the Kolmogorov eddies
are able to enter the inner reaction layer of an initialized quasi-laminar flame kernel
under local mixture conditions, the turbulence induces a loss of radicals towards the
preheat zone. The premixed flame structure cannot be preserved, which leads to a local
extinction (the ”broken reaction zones” in the regime diagram for premixed turbulent
combustion [77]). Therefore, a local Karlovitz number criterion is applied, so that a
flame kernel is only permitted to propagate if the following condition is met as well
Kaδ = δ2
v2η
s2L,e f f
< 1 . (5.25)
Here, δ is the ratio of the width of the inner reaction layer `δ to the laminar flame
thickness ` f (3.1)
δ=
`δ
` f
≈ 0.1 . (5.26)
The effective laminar burning velocity reads
sL,e f f = s˜L+ splasma , (5.27)
including the averaged laminar burning velocity s˜L of the stretched flame kernel, dis-
cussed in detail in Sec. 5.2.3, and a plasma velocity due to spark energy deposition
[20, 21, 98]. However, as described above, a re-strike might be initiated after a certain
time. In that case, the spark energy deposition rate will not further support the early
flame kernel development of already launched flame kernels, vanishing their expansion
velocity splasma.
Early flame kernel development
Whenever conditions along the spark-channel permit it, as expressed by Eq. (5.23) and
Eq. (5.25), a small (∼ 0.5 mm [57]) quasi-laminar flame kernel is launched locally.
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Its motion is tracked by Lagrangian particles. Representative flame kernel advection
velocities are obtained from samples of the velocity field along the flame front of each
kernel. The convection velocity for the center of gravity of flame kernels (FK) reads
~uFK =
1
N
N
∑
i=1
(
~˜ucelli +∇~˜ucelli ·∆~xi,cell
)
, (5.28)
with N as the number of sample points along the flame front, ~ucell,i as the velocity
vector at the center of the computational grid cell containing the sample flame point,
and ∆~xi,cell as the distance vector between the grid cell center and the corresponding
sample point.
During the spark duration, multiple flame kernels are initiated along the stretched
spark-channel, which all grow at the local burning velocity. The non-spherical early
flame kernel shape is reconstructed from the enveloping surface of intersecting flame
kernels. The radius of each flame kernel is calculated following
r˜FK =
(
3
4
mFK
piρ˜b
)1/3
, (5.29)
with mFK as the burnt mass and ρ˜b as the averaged density in the burnt gas mixture.
This density is evaluated from the ideal gas law
ρ˜b =
p
Rb · T˜FK
, (5.30)
with p as the pressure, Rb as the specific gas constant of the burnt mixture, and T˜FK as
the mean flame kernel temperature. This temperature is calculated from the following
kernel temperature equation
d
dt
T˜FK =−m˙FKmFK
(
T˜FK− T˜ad
)
+
Q˙spkηe f f
mFKcp
+
1
ρ˜bcp
d p
dt
, (5.31)
with the averaged adiabatically burnt gas temperature T˜ad , the electrical energy deposi-
tion rate Q˙spk, the efficiency of electrical energy transfer ηe f f (∼ 0.3), and the specific
heat cp. Spark-channel re-strikes, discussed in Sec. 5.2.3, generally lead to spark en-
ergy discharge locations apart from initialized flame kernel positions. In that case, the
energy discharge does not further support the development of the flame kernel and Q˙spk
in Eq. (5.31) vanishes.
The growth rate of the mass of each flame kernel is calculated using a one-dimensional
equation
d
dt
mFK = m˙FK = 4pir˜2FKρus˜T,κ˜ , (5.32)
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with ρu as the unburnt density and r˜K as the mean turbulent flame kernel radius. The
mean turbulent propagation velocity s˜T,κ˜ of each flame kernel is obtained as an aver-
aged value from sample points i along the flame surface, compare Eq. (5.28). It reads,
including effects of turbulent diffusivity and mixture fraction fluctuations, considered
by a prescribed beta-pdf integration, compare Sec. 5.2.3,
s˜T,κ˜ =
1
N
N
∑
i=1
 1∫
0
max [sL,i(Z),sT,p,i(Z)] P˜(Z; Z˜i, Z˜′′2i,FK)dZ
 , (5.33)
with the following definition:
sT,p = sL,i(Z) · [1+ σ˜t,i(Z)]︸ ︷︷ ︸
sT (Z)
− D˜t,i κ˜i︸ ︷︷ ︸
s˜κ˜
. (5.34)
Equation (5.33) implies that the mean turbulent curvature term s˜κ˜ cannot reduce the
turbulent burning velocity sT (Z) to below its laminar value sL(Z). According to Peters
[77], s˜κ˜ originates from a modeling ansatz for the turbulent transport term in the G-
equation. As discussed in Sec. 3.3.3, it is modeled according to
−∇ · (ρ¯v˜′′G′′) =−ρ¯D˜t κ˜|∇G˜| , (5.35)
as applied in Eq. (5.33). The turbulent diffusivity D˜t is defined in Eq. (5.58), and κ˜ is the
curvature of the mean turbulent flame front. If this turbulent curvature term dominates
the turbulent burning velocity, the product v˜′′G′′ eventually vanishes. In this case, the
turbulent flame front corrugations, denoted by G˜′′, smooth out and the flame kernel
propagates at the laminar burning velocity sL, as appropriately expressed by Eq. (5.33).
In order to describe the statistics of the instantaneous mixture fraction fluctuations
on the local burning velocity, the mixture fraction equation, defined in Eq. (4.7), is
solved together with the mixture fraction variance equation, defined in Eq. (4.8). The
mixture fraction variance Z˜′′2i,FK , applied in Eq. (5.33), is derived from the variance of
local integral scale values (Z˜′′2i ), obtained within the inertial subrange at the size of the
flame kernel [18]
Z˜′′2i,FK = Z˜′′2i ·
(
`FK
`t
)2/3
; `FK ≤ `t . (5.36)
The characteristic flame kernel scale `FK is calculated from the mean turbulent flame
kernel radius r˜FK , computed from Eq. (5.29):
`FK = 2.0 · r˜FK . (5.37)
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Partially-premixed systems are also characterized by substantial temperature variations
mainly assigned to the presence of fuel due to evaporation heat losses. To consider
these local temperature fluctuations, two additional transport equations are introduced.
These two track the development of the unburnt gas temperature Tu and the oxidizer-
stream temperature T1, conditioned on the two mixture fractions, Z = Z˜ and Z = 0,
respectively. The equations read
∂〈ρ〉T˜
∂t
+ 〈ρ〉∇T˜ ·~˜u = ∇ ·
(
〈ρ〉Dt∇T˜
)
+ S˙〈T |Z〉 . (5.38)
The source term S˙〈T |Z〉 accounts, in the case of the unburnt gas temperature Tu, for
global pressure gradients and local enthalpy losses due to spray evaporation and wall
heat transfer. In the case of the oxidizer-stream temperature T1, it only accounts for
global pressure gradients and wall heat losses. It particularly excludes heat losses due
to fuel evaporation. This equation tracks the thermal stratification induced by the intake
process and by wall boundary layers. The corresponding enthalpies h1(Z = 0) and
hu(Z = Z˜) can be computed using the well-defined unburnt gas composition at Z = 0
and Z = Z˜, respectively. The enthalpy can be related to the mixture fraction by the
following linear coupling relation
h(Z) = h1+
hu−h1
Z˜
Z . (5.39)
The latter equation provides the distribution of the enthalpy and, by using correspond-
ing unburnt gas compositions, the unburnt gas temperature Tu(Z) as a function of the
mixture fraction variable. This temperature distribution modifies the laminar flamelet
parameters sL(Z) and ` f (Z), and finally the turbulent burning velocity distribution sT (Z)
to be evaluated in Eq. (5.33).
The laminar burning velocity sL in Eq. (5.33) can also be modified by flame front
curvature and strain due to the local flow, thus influencing the structure of the flame. In
engine CFD simulations, these corrections to the laminar burning velocity are, with view
on the strong turbulent curvature term, commonly supposed to be of minor importance
to the turbulent flame kernel propagation velocity. In this model, however, it is argued
that these effects might be of particular interest to the early flame kernel development.
In Eq. (5.58), the turbulent curvature term is related to the flame front corrugations
caused by turbulence. We notice, that this term reduces the turbulent flame surface
area and acts in tangential flame front direction. Furthermore, it does not modify the
laminar burning velocity sL. In contrary, molecular diffusion explicitly alters sL. The
propagation velocity, accounting for molecular diffusion due to flame front curvature,
consequently reads:
sT,κ˜ = [sL(Z)−DL(Z)κ˜] · [1+ σ˜t(Z)]︸ ︷︷ ︸
sT (Z,κ˜)
−D˜t κ˜ , (5.40)
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with DL as an effective diffusivity which is equal to the Markstein diffusivity defined
below.
In [12, 60] and in Sec. 3.1, it is shown that for a one-step large activation energy
reaction and with an assumption of constant properties, the burning velocity of a laminar
flame reads
sL(Z,κ) = s0L−DLκ−LS , (5.41)
with s0L as the laminar burning velocity of a planar unstrained flame. Its computation is
described in Sec. 5.2.5. The Markstein diffusivity DL is defined as
DL = s0LL , (5.42)
with L as the Markstein length related to the Markstein number
M =
L
`0f
, (5.43)
and `0f , obtained as described in Sec. 5.2.5, as the thickness of the corresponding planar
unstretched laminar flame. The curvature of the local instantaneous flame front is de-
noted by κ. However, Joulin [51] and Clavin and Joulin [13] have analytically shown
that the influence of non-unity Lewis number curvature effects on the laminar burning
velocity of, in the mean planar, instantaneous flame fronts tends to disappear with in-
creasing frequency ratio λ f . This ratio is defined as the ratio of the frequency of forcing
ft = v′/`t above the reciprocal flame transit time f = s2L/D. During spray-guided spark-
ignition processes, this ratio λ f is much higher than unity, as discussed in Chapter 8.
Consequently, the instantaneous curvature of the corrugated turbulent flame front is not
considered. Leading order non-unity Lewis number effects are related in this approach
to the mean curvature κ˜ of the mean turbulent flame front. The significance of such
global flame curvature effects in turbulent flame kernel propagation has also been found
in a recent DNS study, using, however, a simplified unity Lewis number approach [11].
In the analytical studies from Clavin and Joulin [13, 51], it is shown that, with increas-
ing ratios of λ f , the dependence of the laminar burning velocity on the local strain rate
vanishes. This conclusion was also obtained in more recent DNS studies from Chen and
Im [37, 47]. Therefore, the influence of the strain rate on the laminar burning velocity is
assumed to be of minor significance in comparison to the influence related to mean cur-
vature. The development of flame instabilities and the formation of cellular structures
during flame kernel propagation are also not considered as mechanisms substantially
modifying the laminar burning velocity. In highly turbulent spray-guided engine flows,
the early flame front is subject to distinctive small-scale turbulent corrugations. This
results in high flame front curvature, leading to local Peclet numbers assumed to be
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well below critical values [9]. The applied equation, considering mean curvature as the
leading order correction factor for the laminar burning velocity, consequently reads:
sL = s0L− s0LM `0fκ . (5.44)
This leads to the equation for the turbulent flame kernel propagation velocity finally
applied:
sT,κ˜ = s
0
L(Z)[1−M (Z)`0f (Z)κ˜] · [1+ σ˜t(Z)]− D˜t κ˜ . (5.45)
The flame diffusivity D = sL` f is, as a mixture property, invariant to flame curvature,
which leads to a corresponding correction equation for the laminar flame thickness,
` f =
`0f
1−M `0f κ˜
. (5.46)
The Markstein number is dependent on the effective Lewis number of the mixture
and is calculated according to Bechtold and Matalon [49] as
M = α− (σ−1)γ1
σ
, (5.47)
with σ= ρu/ρb as the thermal expansion coefficient and α as
α= γ1+
1
2
β(Lee f f −1)γ2 (5.48)
with
γ1 =
σ
σ−1
∫ σ
1
λ(x)
x
dx . (5.49)
The thermal conductivity of the mixture is denoted by λ. The Zeldovich number is
calculated following [107]
β= 4
Tb−Tu
Tb−T 0 , (5.50)
with T 0 as the cross-over temperature defined in Eq. (5.8). The effective Lewis number
is given by
Lee f f = 1+
(LeE −1)+(LeD−1)A
1+A
, (5.51)
with LeE and LeD as the Lewis numbers of the excess and deficient reactants, and A =
1+ β(φ?− 1) with φ? as the ratio of mass of excess-to-deficient reactant in the fresh
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mixture. It is equal to the equivalence ratio φ in fuel-rich mixtures and its reciprocal
1/φ in fuel-lean mixtures. The remaining term closing the calculation of the Markstein
number reads
α2 =
1
σ−1
∫ σ
1
λ(x)
x
ln
(
σ−1
x−1
)
dx . (5.52)
The integrals appearing in the expressions above can be evaluated, if the dependence
λ(T ) is specified. In this approach, a realistic choice of λ= T 1/2 is used leading to the
following equations applied:
α1 =
2σ√
σ+1
(5.53)
and
α2 =
4
σ−1
(√
σ−1− ln[1
2
(
√
σ+1)]
)
. (5.54)
These equations allow the appropriate calculation of laminar flame structures, embedded
in highly stratified turbulent flows, and influenced by curvature effects.
The turbulent flame surface area ratio σ˜t = (s˜T − s˜L)/s˜L is defined as the increase of
the flame surface area ratio caused by turbulence beyond the laminar value. In compar-
ison to the equation derived by Peters [77], it has been further generalized in this work.
It accounts for the wrinkling and corrugation turbulence causes on a curved flame struc-
ture modified by non-unity Lewis number Markstein diffusion. It reads, considering
Eq. (5.45) and Eq. (5.46) for the effective laminar burning velocity and laminar flame
thickness, respectively,
σ˜t(Z, κ˜) = − b
2
3
4b1
√
3cµcs
Sct
` f ,t
`0f
(
1−M `0f κ˜
)( ` f ,t
` f ,t,alg
)2/3
+
√√√√ b43
16b21
3cµcs
Sct
(
`2f ,t
`0f
)2(
1−M `0f κ˜
)2( ` f ,t
` f ,t,alg
)4/3
+
csb23
2s0L`
0
f
`2f ,t
ε˜
k˜i
.
(5.55)
The modeling constants are summarized in Table 3.1. The unsteady turbulent flame
front wrinkling is modeled according to
` f ,t =
√
G˜′′2/|∇G˜| , (5.56)
and its algebraic value ` f ,t,alg is defined in Eq. (3.65). The variance of mean turbulent
flame front positions is solved by a locally evaluated zero-dimensional equation,
dG˜′′2i
dt
= 2D˜t,i− cs ε˜i
k˜i
G˜′′2i , (5.57)
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with the turbulent diffusivity, also used in Eq. (5.33), defined as
D˜t,i =
√
cscµ
2Sct
k˜i` f ,t . (5.58)
The equations in this section provide appropriate expressions for the calculation
of the advection and propagation velocities of the early flame shape. However, this
developing flame is also subject to mechanisms causing local flame front extinctions. In
this case, already launched and advected flame kernels shrink and eventually disappear
due to criterions formulated in Sec. 5.2.4.
Transition of laminar flame kernels into a turbulent flame front
As soon as the flame kernel shape, tracked by the spark-ignition model SparkCIMM,
can be resolved on the computational grid (` ∼ 5 mm), a level-set approach is used to
transport the mean turbulent flame front [76, 77] with the following kinematic equation
valid on the G˜ = G˜0 iso-surface only.
〈ρ〉∂G˜
∂t
+ 〈ρ〉∇G˜ ·~˜u =−〈ρ〉D˜t κ˜|∇G˜|+(˜ρsT )|∇G˜| (5.59)
Outside of this iso-surface, the scalar G˜ is required to be a signed distance function
expressed in the condition |∇G˜| = 1. This allows to accurately compute the curvature
κ˜ = ∇ ·~˜n
∣∣∣
G˜=G˜0
from the normal vector of the mean turbulent flame front directly from
the level-set field:
~˜n(G˜ = G˜0) = − ∇G˜|∇G˜|
∣∣∣∣∣
G˜=G˜0
(5.60)
The advection velocity of the mean turbulent flame front is obtained from the velocity
field at G˜ = G˜0. The turbulent burning velocity, conditioned on the unburnt, is com-
puted according to the derivations presented in Sec. 5.2.3 and by multiplication with the
density ratio ρub/ρb. Localized flame extinction is detected and tracked due to criterions
presented in Sec. 5.2.4.
The variance equation of mean turbulent flame front positions reads [20, 75, 106],
compare Sec. 3.3.3,
〈ρ〉∂G˜
′′2
∂t
+ 〈ρ〉d~˜x f
dt
·∇G˜′′2 = ∇|| ·
(
〈ρ〉Dt∇||G˜′′2
)
+2〈ρ〉Dt(∇G˜)2− cs〈ρ〉G˜′′2 εk .(5.61)
The probability of finding an instantaneous flame front in 3D space is modeled with
the premixed flamelet parameter G˜ and G˜′′2 by a probability density function prescribed
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to be of Gaussian shape [113]. The probability of finding a flame front is then obtained,
according to Eq. (5.62), from
P˜f (G˜; G˜0, G˜′′2) =
1
2
+
1
2
erf
 G˜− G˜0√
2G˜′′2
 . (5.62)
5.2.4 Flamelet Modeling of Localized Flame Extinction Phenomena
In the following, the applied criterions to predict localized flame extinction phenom-
ena are presented. These criterions can be categorized into chemistry and turbulence
related mechanisms. Identified extinguished flame regions are subsequently tracked by
the SparkCIMM and the level-set model.
The influence of walls to laminar premixed iso-octane/air flames was investigated
by Hasse et al. [33]. There, it is shown that flames close to cold walls experience
substantial heat losses leading to reduced temperatures in the preheat and the inner
layer reaction zone. Flame quenching is identified to occur if the burnt gas temperature
falls to below the cross-over temperature T 0, defined in Eq. (5.8). For turbulent flames
propagating through stratified mixtures, however, this finding leads to the following
general first criterion for flame extinction, independent of the actual presence of walls:
T 0 ≥ cT 0
1∫
0
Tb(Z)P˜(Z; Z˜, Z˜′′2)dZ , (5.63)
with a modeling constant cT 0 determined to be cT 0 = 0.95. In the same study, Hasse
also related these critical flame heat losses to a characteristic distance of the laminar
flame to cold walls. This quenching distance was found to scale with the laminar flame
thickness. The second flame extinction criterion therefore reads
d f ≤ c f · ` f c f = 5 Peters [78] , (5.64)
with d f as the distance between the wall and the inner layer reaction zone. Flame ex-
tinction does also occur if the fuel concentration is outside the range determined by
the flammability limit. During ignition processes, these limits are substantially influ-
enced by non-unity Lewis number curvature effects as discussed in Sec. 5.2.3. The
corresponding flame extinction criterion is therefore based on a minimal value of the
resulting laminar burning velocity:
sL < 0.1 m/s Peters [78] . (5.65)
The latter chemistry related conditions have no meaning, however, if the structure of a
recently formed flame kernel is still supported by the spark energy deposition rate. The
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last applied criterion reflects critical heat losses caused by turbulent eddies perturbing
the inner reaction zone. This criterion is based on the second turbulent Karlovitz number
Kaδ which is already introduced in Eq. (5.25).
During the SparkCIMM-based flame front tracking, localized flame extinction is
considered by the removal of corresponding flame kernels. If the early flame shape has
already been mapped to the 3D level-set equation, the signed distance function G˜ is
also mapped to a pure distance function using a fast-marching method [41]. Localized
areas of flame extinction are not further transported by a turbulent burning velocity s˜T .
Also, jump conditions across the flame front from unburnt to burnt states are no longer
applied. Therefore, the local heat release rate vanishes and the prior sharp tempera-
ture and species mass fraction interface is subject to turbulent mixing, modeled by the
applied 3D transport equations given in Eq. (2.7).
5.2.5 Detailed Chemical Heat Release Prediction
The G-equation provides the geometrical information of the position of the mean turbu-
lent flame front and its mean turbulent corrugation. From there, the 3D distribution
of the probability of finding a flame front is calculated, using Eq. (5.62). The gas
temperature in the post-flame region is then prescribed based on a tabulated detailed
chemistry solution. Fig. 5.5 shows a comparison of predicted adiabatic flame temper-
atures at T = 600 K, p = 40 bar without scalar dissipation [χZ = 0, Eq. (4.9)] as a
function of equivalence ratio φ. The results of a one-step global mechanism solutions
are compared to detailed chemistry calculations using the mechanism for flame propa-
gation discussed in Sec. 5.1.2. For fuel-lean mixtures, both methods show an excellent
agreement. For stoichiometric and fuel-rich mixtures, however, the global mechanism
highly over-predicts the adiabatic flame temperature (≈ 800 K at φ = 3). This is due
to the fact, that the global mechanism assumes complete oxidation of the fuel to CO2
and H2O. The burnt mixture composition then contains significant residuals of uncon-
sumed fuel. The detailed chemistry simulation, however, provides a richer view on
the combustion physics, particularly for equivalence ratios φ > 1. The fuel gets com-
pletely depleted up to an equivalence ratio of φ ≈ 3. Due to the absence of enough
oxygen to complete combustion, the fuel is mostly oxidized to CO only, instead of CO2.
This is then reflected further in a substantially reduced adiabatic flame temperature. In
spark-ignition engines, rich combustion occurs in spray-guided direct-injection engine
operating modes, which are investigated in this work. To include the solution of detailed
chemistry premixed flame calculations, the flame-tables, discussed in Sec. 5.1.3, were
extended to additionally store the mixture conditions behind the flame front. The local
mixture temperature in 3D space and at each computational grid cell is then obtained
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Figure 5.5: Comparison of predicted adiabatic flame temperatures using the method of
tabulated flamelets [χZ = 0, Eq. (4.9)] and a one-step global mechanism approach as a
function of equivalence ratio.
from a blend of unburnt and burnt solutions:
T˜ (~x) = T˜u · (1− P˜f )+ P˜f
1∫
0
Tb(Z) P˜(Z; Z˜, Z˜′′2)dZ , (5.66)
with P˜f defined in Eq. (5.62). Due to the linear dependencies of unburnt mixture con-
ditions, a presumed pdf-integration is only performed to calculate the Favre averaged
burnt gas temperature. Similar equations are solved to obtain local values of heat ca-
pacities and fuel mass fractions.
For fuels except gasoline, tabulated detailed chemistry solutions are not available.
In this case, the approximation formula introduced in Sec. 5.1.3 is used, which also pro-
vides an equation to calculate the adiabatic flame temperature. This temperature is then
used in a blend with the unburnt temperature to prescribe the temperature distribution
inside the engine. Heat capacities and fuel mass fractions in the burnt gas, however, are
then being computed using a global mechanism calculation.
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6.1 Solution of the Model Equations
The averaged equations for the gas phase are solved by the CFD code AC-FluX (for-
merly known as GMTEC [54]). AC-FluX is a flow solver based on Finite Volume meth-
ods [48] that employs unstructured, mostly hexahedral meshes. AC-FluX is mainly used
for internal combustion engine simulations. The code is able to treat moving meshes
and non-conforming internal mesh motion boundaries that facilitate the generation of a
realistic geometric model of intake ports, exhaust ports, and the in-cylinder in combi-
nation with valve motion. This makes the flow solver very feasible to simulate gasoline
engines which are usually of high geometrical complexity. In order to provide high
spatial accuracy, adaptive run time controlled mesh refinement can be used optionally.
This section briefly covers the numerical algorithms and the general code structure of
AC-FluX. More details (e.g., regarding spatial and temporal discretization schemes) are
given in Khalighi et al. [54] and Freikamp [26].
AC-FluX uses an iterative implicit pressure-based sequential solution procedure to
solve the coupled system of governing partial differential equations. The equations are
solved sequentially rather than simultaneously; coupling is achieved via an iterative up-
dating procedure. The procedure accommodates incompressible and/or compressible
flows, as well as steady and/or transient flows. It is applicable for essentially arbitrary
Mach numbers, although for Mach numbers much greater than unity the efficiency of
the approach decreases significantly. AC-FluX’s pressure algorithm is patterned af-
ter SIMPLE (Semi–Implicit Method for Pressure–Linked Equations, [96]) and PISO
(Pressure–Implicit Split Operator, [90]). PISO originally was conceived as a predictor-
corrector method to be used with a fixed number of passes through the equations on
each time step; however, a pure PISO method generally is neither sufficiently efficient
nor sufficiently robust for the highly distorted computational meshes and complex three-
dimensional time-dependent flows that characterize practical engineering applications.
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The algorithm used in AC-FluX can be thought of as a modified PISO scheme, where
both the numbers of outer and inner iterations are variable. In the case of a single outer
loop (momentum predictor) and a single inner loop (pressure/velocity corrector) per
time step, this algorithm reduces to a SIMPLE-like method.
The essential steps to advance the solution over one computational time step are:
1. momentum predictor – compute a new velocity field using the current pressure
field; this velocity field does not satisfy continuity.
2. pressure/velocity correctors – compute corrections to the pressure and velocity
fields to enforce continuity.
The momentum predictor and pressure corrector each require the solution of a sparse
implicit linear system that corresponds to a linearised discretised form of the governing
partial differential equations. The velocity corrector is explicit. Equations for addi-
tional quantities (e.g., total enthalpy, species mass fractions) are included in each pres-
sure/velocity corrector step to maintain tight coupling among the equations. At the end
of the pressure/velocity corrections, equations requiring a lesser degree of coupling are
solved (e.g., turbulence model equations). The process then is repeated as necessary,
starting from the momentum predictor, to obtain a converged solution for the current
time step or global iteration. Three levels of iterations are thus employed on each time
step (each global iteration for a steady solution algorithm): an outer loop or outer iter-
ation, an inner loop or inner iteration, and iterations within the linear equation solvers.
The outer iteration corresponds to the momentum predictor step, the inner iteration to
the pressure/velocity corrector step.
The calculation of the source terms in the gas-phase equations is a preparatory step
to the sequential solution procedure described above. The mathematical formulation of
the liquid phase is subject of the following section.
6.2 Liquid Phase
The previous section discusses the governing equations of the gas phase and their im-
plementation into the CFD code AC-FluX [54]. During the injection period in an
internal combustion engine an additional liquid phase is present, which must be ade-
quately described to obtain the spray-related source terms in the gas phase equations
(see Eqs. (2.35), (2.36), (2.41), (2.43), (2.45), (2.46), and (4.7)). Solving for the
dynamics of a spray with a wide distribution of drop sizes, velocities, and temperatures
is a complicated problem. A mathematical formulation capable of describing this dis-
tribution is the spray equation proposed by Williams [23]. It is an evolution equation
for the probability density function f with the independent variables droplet position,
droplet velocity, temperature, radius, distortion from sphericity y, and its time derivative
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dy/dt. Depending on the specific problem, additional variables can be introduced. A
direct solution of this equation is extremely difficult due to its high dimensionality; the
aforementioned variables alone constitute a 10-dimensional space and associated large
storage and computing time requirements. Instead, a sufficiently large number of parti-
cles are introduced, which, according to Crowe et al. [16], are called parcels. This model
is usually referred to as the discrete droplet model (DDM). Each parcel represents an
ensemble of droplets. Within one parcel, all droplets have the same properties, which
correspond to the independent variables described above. The ensemble of all parcels
provides the statistical information on the spray. All the subprocesses that are not re-
solved on the parcel level are modeled using a Monte-Carlo method [50]. Important
subprocesses, which need to be described, are breakup, collision, coalescence, evapo-
ration, and dispersion. A detailed description of the models for these subprocesses, the
formulation of the source terms for the gas phase equations, and its implementation into
the CFD code AC-FluX can be found in [94].
6.3 Solution Scheme of the Level-Set G-Equation
The back-bone of numerical accuracy of the level-set integration scheme is the primary
computation of a signed distance function, expressed by |∇G˜|= 1. During the mapping
process of the flame kernel shape tracked by the SparkCIMM model onto the computa-
tional grid, the mean turbulent flame front position is assigned with G˜ = G˜0 and a fast
marching method [41, 67], also discussed in detail by Ewald [20], is subsequently used
to compute the signed distance of each grid cell to this flame front. This process is called
initialization. After a signed distance function for G˜ has been obtained, the integration
of Eq. (5.59) and Eq. (5.61) is performed, using a finite difference integration scheme
of second order temporal and spatial accuracy on the unstructured engine grid. It reads
using a predictor/corrector method and exemplified on the solution of Eq. (5.59)
G˜n+1 = G˜n+0.5
(
F˜ |n+1/2+ F˜n
)
·∆t , (6.1)
with F˜n and F˜n+1/2 as the propagation velocity of the flame at the initial and the pre-
dictor position, respectively. This predictor position is obtained from
G˜n+1/2 = G˜n+ F˜ |n ·∆t . (6.2)
The propagation velocity F˜ is defined normal to the mean turbulent flame front. At first,
a propagation velocity F˜? is computed for all cells intersected by the mean turbulent
flame front by calculating all terms defined in Eq. (5.59)
F˜? =−~˜u · ∇G˜|∇G˜|
∣∣∣∣∣
G˜=G0
+ s˜T,κ˜ . (6.3)
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The first term on the right hand side of this equation expresses the advection of the flame
at the local flow field, as the second term describes the turbulent burning velocity aug-
mented by turbulent curvature effects as defined in Sec. 5.2.3. As this equation is valid
on the G˜0 iso-surface only, the remaining field values for the G-equation integration are
computed using the following equation,
∇F˜? ·∇G = 0 . (6.4)
The fast marching method is used for the solution of this equation. This step is called
redistribution [35] and the resulting field values are called extension velocities [41, 67].
These velocities have no physical meaning. They are, however, constant in the direc-
tion normal to the mean turbulent flame front with values equal to the corresponding
physical propagation velocities calculated at the flame front. This technique is applied
to enhance the numerical accuracy and efficiency of the level-set integration scheme.
In the following, it is shown that a signed distance function maintains, neglecting nu-
merical errors, a signed distance function if Eq. (6.4) is used for the calculation of such
extension velocities during the level-set integration.
d|∇G|2
dt
=
d
dt
(∇G ·∇G) = 2∇G · d
dt
∇G
=−2∇G ·∇F?︸ ︷︷ ︸
Eq. (6.4)
|∇G|−2∇G ·∇|∇G|︸ ︷︷ ︸
=0
F? = 0
(6.5)
The application of this technique reduces the requirement of constant re-computations
of the signed distance function, called reinitialization, which is the most time consuming
part during the G-equation integration. It also introduces additional numerical errors by
leading to slight changes of the G˜0 iso-surface position. The final propagation term,
calculated at the predictor and corrector position of each time step, feeding Eq. (6.1) is
then calculated to
F˜ = F˜?+~ugrid ·∇G˜ (6.6)
with the last term as a compensation of the physical propagation velocity F˜? due to the
local grid motion.
In order to achieve a stable numerical scheme for the explicit fast marching method
by which the G-equation scalars are updated to the new time level, a time step ∆t ac-
cording to the CFL (Courant-Friedrichs-Lewy [15]) criterion is required for numerical
stability reasons. The CFL-number is set to CFL= 0.3 throughout this work. This time
step restriction introduces the requirement for a temporal sub-cycling since the flame
might locally propagate across a couple of grid cells within one computational time
step. Computational efficiency of the method is obtained by the application of the nar-
row band technique [41, 67]. It restricts the solution of the level-set equations to the
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vicinity of the mean turbulent flame front. This narrow band must also contain, how-
ever, the region of turbulent flame front position fluctuations. Once this narrow band has
been defined, reinitializations and extension velocities are only computed for computa-
tional grid cells within this band. If the flame front locally approaches the boundaries
of this band, it has to be re-located.
6.3.1 Validation of the Level-Set Integration Scheme
Test cases are performed to validate the numerical accuracy of the flame propagation
method of the underlying level-set approach (initialization, narrow banding, redistri-
bution, integration, reinitialization). For this reason, a sphere with an initial radius of
r = 10 mm is placed into a computational grid (∆x ≈ 2mm). A sphere has been chosen
as the reference geometry since it describes a representative shape for RANS spark-
ignition combustion simulations. In the first test case, a constant propagation velocity
~u = (10,0,0)T m/s is prescribed at the interface to validate the numerical accuracy of
flame advection at a local flow field. Fig. 6.1 shows snap shots of the moving sphere
at three different time steps. It is apparent that the spherical shape is maintained during
the integration. The radius of the sphere is processed from the simulation and it is in
excellent agreement with the constant value analytical solution.
Figure 6.1: Level-set advection validation test case. A sphere (red iso-surface, r= 10
mm) is advected at a constant velocity of u = 10 m/s. The graph shows the simulated
radius in comparison to the analytical solution. The translucent green iso-surface repre-
sents the narrow band boundary.
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The second test case validates the numerical accuracy of the level-set method for
flame front propagation. In Fig. 6.2, a sphere with an initial radius of r(t0) = 10 mm is
placed at the center of the grid. The propagation velocity at the interface is prescribed
to be s = 10 m/s (defined in normal interface direction). Different snap shots of the
sphere at three different computational timings are presented. The radius of the sphere
is processed from the simulation. The numerical result is in good agreement with the
analytical solution.
Figure 6.2: Level-set propagation validation test case. A sphere (red iso-surface,
r(t0) = 10 mm) is propagated at a constant velocity of s = 10 m/s in normal interface
direction. The graph shows the numerically obtained radius of the sphere in comparison
to the analytical solution. The translucent green iso-surface represents the narrow band
boundary.
6.4 Coupling of the G-Equation and the CFD Code
In order to integrate the SparkCIMM and the level-set equations, the flow solver has to
provide all mixture quantities required for the calculation of the propagation velocity of
the mean turbulent flame front. Additional equations, conditioned on the unburnt, are
solved for the mean mixture fraction Z˜, its turbulent fluctuation Z˜′′2, the mixture dilu-
tion mass fraction Y˜Dil , and the unburnt gas temperatures T˜ |Z=Z˜ and T˜ |Z=0, respectively.
These equations are required to calculate the turbulent burning velocity s˜T . In turn, the
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SparkCIMM and the level-set method provide the 3D distribution of the flamelet pa-
rameters G˜(t) and G˜′′2(t). Based on these parameters, the probability of finding a flame
front in each computational grid cell can be obtained by Eq. (5.62). This probability P˜f
represents the coupling parameter of the G-equation flamelet model on which feedbacks
of flame front propagation are exerted back onto the fluid flow. As already discussed in
Sec. 5.2.5, these feedbacks are calculated as follows, exemplified on an arbitrary scalar
S˜:
S˜(~x) = S˜u · (1− P˜f )+ S˜bP˜f , (6.7)
with S˜u and S˜b as corresponding unburnt and burnt values, respectively. The applied
temporal sub-cycling method within the combustion model, presented in the last sec-
tions, allows for possibly large CFD time steps without causing instabilities in the G-
equation integration scheme. However, if the flame front then actually moves very far
within a single computational time step, the intense temporal change of P˜f eventually
causes instabilities in the turbulent flow equations. This, in turn, increases the flame
front propagation velocity leading to instabilities in the numerical solution. This unde-
sired relation still tightly constraints the applicable CFD time step and the benefit from
the sub-cycled G-equation approach is slim. Therefore, a second sub-cycling technique
is also introduced for the coupling parameter P˜f . This method increases its old time-step
value P˜nf to the new level P˜
n+1
f throughout the outer PISO iterations i as follows:
P˜if = P˜
n
f +
P˜n+1f − P˜nf
mPISO
· i (6.8)
with P˜n+1f defined by Eq. (5.62) in advance of the flow solution, and with mPISO as
the total number of PISO iterations applied during the time step. Then, the resulting
distributions for the species mass fractions and temperatures are obtained by Eq. (6.7)
in advance of each PISO iteration. These profiles are subsequently posed onto the flow
solver. This approach greatly relaxes the numerical time step constraint since it ensures
a continuous and smooth temporal change of species mass fractions and temperatures
within each grid cell throughout the simulation.
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Chapter 7
Combustion Model Validation
In this chapter, the physical models for turbulent flame propagation as presented in the
previous chapters are validated against fundamental test cases of premixed turbulent
combustion, where detailed experimental data is available. At first, turbulent combus-
tion is investigated in a non-moving cylindrical vessel. Sensitivities of the numerical
simulation results to applied computational time steps and grid sizes are also investi-
gated. In the second part, the G-equation is validated against a test case of increased
physical complexity. A series of different operating points of a homogeneous charge
natural gas engine, provided by Cummins Inc., is investigated. Pressure traces and heat
release rates are compared to experimental data provided by Cummins Inc.
7.1 Turbulent Premixed Combustion in a Constant
Volume Chamber
In this section, the ignition and 3D combustion models are validated against experi-
mental data from turbulent combustion measured in a constant volume cylindrical ves-
sel. The vessel is homogeneously charged with an undiluted lean propane/air mixture
(φ = 0.84), which is subjected to an axi-symmetric swirling flow. The experimental
setup is presented in Fig. 7.1.
The cylindrical vessel has a diameter of d = 125 mm and an axial length of ` = 35
mm. It is charged through a swirl valve by means of a pressurized mixture tank, creating
the swirling flow. This intake process has not been calculated using a three-dimensional
numerical simulation. Instead, the computational domain is initialized at the time of
intake valve closure, using the experimentally obtained initial conditions as given in Ta-
ble 7.1, and approximations for the flow and turbulence field as presented in Fig. 7.2.
The turbulent integral length scale `t is attenuated towards the walls to zero. The gener-
ated computational grid for the baseline validation test case comprises ∼ 50,000 cells.
The closed valve and the spark electrodes are not included in the combustion chamber
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Figure 7.1: Experimental
setup of the constant vol-
ume cylindrical vessel test
case [52].
mesh. The mixture is ignited at the center of the vessel (~xSpk = (0,0,0.0175)T ). The
ignition duration is assumed to be 2 ms. Since a detailed chemistry premixed flamelet
table is not available for propane kinetics, the correlation by Mu¨ller et al. [107] is em-
ployed to approximate the laminar flame thickness and laminar burning velocity during
the combustion simulation.
p 274 kPa
T 345 K
u′
||~˜u|| 0.3
`t min(0.1·d,κywall), κ=0.419
ε according to Eq. (2.17)
φ 0.84
G˜ -10 m
G˜′′2 `2f m
2
r0K 0.25 mm
Q˙spk 20 J/s
Table 7.1: Initial conditions of the constant-volume cylindrical test case.
The experimental setup is taken from [52]. Other setups using stoichiometric mix-
tures and mixture stratifications have also been investigated as described in [20, 28],
[29], and in [30, 31, 32]. In this study, however, these cases are not considered for the
validation of the combustion model.
In Fig. 7.3, the pressure trace for the constant-volume validation test case computed
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Figure 7.2: Left: Exper-
imentally obtained (sym-
bols) and numerically ap-
proximated (lines) radial
distribution of the mean
flow velocity immediately
before ignition.
Right: Radial distribution
of the turbulent viscosity
νt and the turbulent kinetic
energy k [52].
using the G-equation flamelet model is compared to the experimentally obtained data.
The comparison shows a satisfying agreement between the simulation results and the
measurements. At three different timings after spark advance, the propagating mean
turbulent flame front is visualized and also presented in Fig. 7.3.
To study the sensitivity of the results of the numerical simulation to grid size and
time step variations, the combustion run is performed using three different time steps ∆t,
denoted by ∆tI = 1.0e−4 sec, ∆tII = 5.0e−5 sec, and ∆tIII = 1.0e−5 sec, and two different
computational grids, denoted by A ∼ 50,000 cells and B ∼ 100,000 cells, respectively.
This sensitivity analysis is presented in Fig. 7.4, showing that the calculated pressure
traces of the G-equation calculations are almost independent to variations of the applied
time-steps and mesh sizes. This is attributed to the temporal sub-cycling and in-cell
spatial interpolation scheme of the ignition and level-set flame front tracking method as
discussed in Sec. 6.3.
82 Chapter 7. Combustion Model Validation
Figure 7.3: Comparison of experimental (symbols) and numerically simulated pressure
trace (line) for the constant-volume validation test case. The mean turbulent flame front
is visualized at three different times after the start of energizing.
Figure 7.4: Sensitivity analysis of the numerical simulations to grid size (A ∼ 50,000
cells; B ∼ 100,000 cells) and time-step (I = 1.0e−4 s; II = 5.0e−5 s; III = 1.0e−5 s)
variations.
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7.2 Premixed Combustion in a Natural Gas Spark-Ignition
Engine
In this section, the physical models to predict turbulent flame front propagation are val-
idated in a homogeneous charge natural gas engine. The engine setup was provided
by the R&D department of Cummins Inc., headquartered in Columbus, Indiana, USA.
There, experimental investigations were performed to obtain a more comprehensive un-
derstanding and to further optimize the performance of natural gas spark-ignition en-
gines. Results of this study can also be found in [17].
7.2.1 Numerical Setup
Experimental data has been obtained at Cummins Inc. in a natural gas spark-ignition
engine. The topology of the engine and the computational grid are shown in Fig. 7.5.
The generated mesh includes the piston bowl, the piston crevices, and the intake and ex-
Figure 7.5: Topology and unstructured computational grid of the natural gas spark-
ignition engine. At TDC, eight cell layers remain to appropriately resolve the flow
motion in the engine squish region. The computational mesh comprises ∼ 22,000 cells
at TDC and ∼ 150,000 cells at IVC, respectively.
haust valve recesses. It excludes, however, the presence of the spark plug and the gasket
crevices. To avoid the formation of highly distorted and thin cells during the compres-
sion and expansion stroke of the engine cycle, the Snapper-grid generation technique
has been used. It removes and includes cell layers if the local aspect ratio of the com-
putational grid cells exceeds a pre-defined threshold value. The computational mesh
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comprises ∼ 22,000 cells at TDC and ∼ 150,000 cells at IVC. The engine specifica-
tions of the natural gas engine are summarized in Table 7.2.
Bore × stroke 158.75 × 158.75 mm
Cylinder displacement 2.7982 × 10−3 m3
Conrod length 289.74 mm
Compression ratio 11.2:1
Intake valve closure -136◦CA ATDC
Exhaust valve opening 126◦CA ATDC
Squish height 2 mm
Fuel CH4 (methane)
Spark duration 1.5 ms
Spark energy 60 J/s
Cylinder head temperature 573.4 K
Piston head temperature 516.1 K
Cylinder wall temperature 451.3 K
Table 7.2: Engine specifications of the Cummins natural gas spark-ignition engine
Three different engine operating points (Case I–III) have been investigated to study
the effect of equivalence ratio and exhaust gas recirculation on turbulent combustion.
The detailed specifications of the investigated validation test cases are summarized in
Table 7.3.
Test Cases
I II III
Manifold pressure kPa 209.6 212.7 273.5
Intake air temperature K 403 406 412
Equivalence ratio [–] 0.76 0.84 1.0
EGR % 20.5 23.2 25.8
Engine speed rpm 1201 1202 1204
Ignition timing ◦CA ATDC -20.0 -21.0 -23.0
Table 7.3: Specifications of the investigated engine operating points
The experimentally obtained engine specifications in Table 7.3 are formulated as
computational initial and boundary conditions for the numerical simulations. The intake
process is not calculated using a three-dimensional CFD simulation. Instead, the flow
and turbulence field is approximated at intake valve closure (IVC) using measurements
of swirl and turbulence intensities. The integral length scale is attenuated from a tenth
Chapter 7. Combustion Model Validation 85
of the engine bore towards the walls to zero (`t = min(0.1 · bore,κywall),κ = 0.419).
The turbulent eddy dissipation rate ε is subsequently computed according to Eq. (2.17).
The applied mixture dilution (Eq. (5.5)) of each operating point is computed from the
rate of exhaust gas recirculation and the mean air/fuel ratio. The resulting stoichiometric
mixture fraction Zst is calculated using Eq. (4.6). The initial size of the developing flame
kernel has been obtained from experiments to r0K = 1 mm. The applied initial conditions
for all investigated operating points are given in Table 7.4.
Test Cases
I II III
YDil 0.1781 0.2216 0.2546
YFuel 0.0346 0.0361 0.0416
Zst 0.0452 0.0426 0.0405
Swirl index (IVC) 2.633 2.633 2.633
u′
||~˜u||(IVC) 0.26 0.26 0.26
Table 7.4: Computational initial conditions for the G-equation combustion simulations.
7.2.2 Validation of the G-Equation Flamelet Combustion Model
In this section, the results of the calculations of the G-equation combustion model for
the investigated engine operating points are presented and compared to experimental
data provided by Cummins Inc.
At first, the pressure traces and heat release rates are presented in Fig. 7.6. They
are in an overall satisfying agreement with the experimental measurements. The early
flame kernel development, the flame-development angle ∆θd (0−10% burnt fuel mass
fraction [42]), and the phase of main combustion are well predicted by the G-equation
flamelet combustion model so that the peak pressures and peak pressure locations, given
in Table 7.5, are also in good agreement with the experimental data set. In Fig. 7.8, the
engine operating conditions, depicted for Case II, are classified using the regime dia-
gram for turbulent premixed combustion by Peters [77]. The quantities are averaged
over the mean turbulent flame front surface. Figure 7.8 shows that turbulent combustion
between the first stage of ignition of quasi-laminar flame kernel development up to the
point of peak pressure location takes place in the thin reaction zone regime. There, the
increase of the turbulent burning velocity sT with the turbulence intensity v′ approaches
the square root dependence according to Damko¨hler [19]. Afterwards, in the corru-
gated flamelet regime, the interactions of the flame front and the turbulence are solely
kinematic. The turbulent burning velocity then scales linearly with the turbulence in-
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Figure 7.6: Comparison of simulated and measured pressure traces (top) and heat re-
lease rates (below) for the investigated engine operating points.
tensity [19]. Throughout the whole combustion process, the second turbulent Karlovitz
number Kaδ, defined in Eq. (3.19) and relating the inner layer thickness `δ to the Kol-
mogorov length scale η, remains less than one. Therefore, the Kolmogorov eddies do
not perturb the inner layer reaction zone of the propagating premixed flame front. The
chemical time scales remain unaffected by turbulence. This confirms the underlying
flamelet assumption of scale separation between the chemical kinetics and the turbu-
lence, and demonstrates the ability of the G-equation model to predict homogeneous
charge spark-ignition engine combustion phenomena.
The simulation proves successful in the prediction of turbulent flame front propa-
gation over a variety of investigated equivalence ratios and different levels of exhaust
gas recirculations. However, all studied validation test cases have in common that in
the last phase of combustion the simulated burning rate of flame front propagation de-
creases too rapidly in comparison to the experimental measurements. Table 7.5 shows
that this leads to an under-prediction of late-cycle combustion rates and, subsequently,
to a retarded phasing of the simulated 90% burn point. Its prediction is not in such good
agreement with the experimental data than the earlier characteristic burn points. The
heat release rate analysis, presented in Fig. 7.6, shows burning rate intensity fluctua-
tions during this last phase of combustion for each investigated engine operating point.
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Fig. 7.7 presents a three-dimensional visualization of the mean turbulent flame front de-
picted for Case II. It shows that during this period, the turbulent flame front propagates
through the engine squish region and the piston bowl. A further increase of grid cell
layers in these regions leads to an enhanced numerical resolution of local flow motions
and turbulence intensities. However, this further mesh refinement has not shown a sub-
stantial improvement of the numerical simulation results. This indicates that the realized
discrepancies between the simulation results and the experimental data are, in essence,
not related to numerical errors, but to deficiencies in the physical modeling approach.
Test Case
I II III
Peak pressure
Experiment MPa 5.5 6.1 8.5
Simulation MPa 5.5 6.1 8.4
Peak pressure location
Experiment ◦CA ATDC 16.6 18.0 18.5
Simulation ◦CA ATDC 15.0 17.7 16.6
Burn point 2 %
Experiment ◦CA ATDC 0.4 -0.8 -1.9
Simulation ◦CA ATDC -1.9 -1.8 -2.7
Burn point 10 %
Experiment ◦CA ATDC 6.8 5.1 4.2
Simulation ◦CA ATDC 5.4 5.0 3.8
Burn point 50 %
Experiment ◦CA ATDC 22.6 19.7 18.2
Simulation ◦CA ATDC 23.4 21.2 19.8
Burn point 90 %
Experiment ◦CA ATDC 42.5 37.6 34.8
Simulation ◦CA ATDC 53.9 48.3 48.1
Table 7.5: Simulated peak pressures, peak pressure locations, and characteristic burn
points in comparison to experimental data.
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Figure 7.7: Visualization of the mean turbulent flame front of Case II nearby the 2%,
10%, 50%, and 90% characteristic burn points.
Figure 7.8: Location of turbulent premixed combustion of Case II within the regime
diagram.
Chapter 8
Spray-Guided Spark-Ignition
Combustion
In this chapter, the SparkCIMM ignition and the G-equation level-set based flamelet
models are used to simulate turbulent combustion in a spray-guided spark-ignition direct-
injection (SG-SIDI) gasoline engine. These engines offer substantially improved fuel
economy and performance by reducing pumping losses through stratified charge op-
eration. The closeness of the fuel spray and the spark electrodes can cause, however,
unfavorable conditions for ignition and early flame front propagation. Therefore, a com-
prehensive understanding of the ignition process is required to further improve the per-
formance of these engines.
High-speed (24,000 frames/s) laser-sheet images, provided by Drake and Fansler
from the General Motors Company, visualize the spark-channel motion and the early
flame kernel propagation and are compared to simulation results. A more detailed un-
derstanding of critical ignition parameters is obtained by using ignition model formu-
lations of different physical complexity. This study reveals that only the non-spherical
non-unity Lewis number flame kernel model SparkCIMM is capable for reproducing the
observed experimental features of spray-guided spark-ignition phenomena.
8.1 Engine Experiments and Numerical Setup
The setup of the SG-SIDI engine was provided by the Research and Development de-
partment of the General Motors Company, headquartered in Warren, MI, USA. There,
detailed experimental investigations including high-speed laser-sheet imaging of spray-
guided spark-ignition processes were performed to obtain a more comprehensive under-
standing of combustion initiation in such a gasoline engine. The specifications of the
investigated engine are summarized in Table 8.1. In this study, three different engine
operating points are investigated. Their specifications are summarized in Table 8.2.
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Stroke 95 mm
Bore 86 mm
Conrod length 14.7 mm
Compression ratio 12.0:1
MAP 95 kPa
Intake valve closure −114◦CA ATDC
Exhaust valve opening 140◦CA ATDC
Spark duration 2 ms
Spark energy 100 mJ
Swirl index 2.0
Coolant/oil temperature 90◦ C
Initial spark radius 0.5 mm
Table 8.1: Engine specifications for the spray-guided spark-ignition direct-injection
gasoline engine.
The engine operating points differ in engine speed and load, applied level of exhaust
gas recirculation, and in the timings of fuel injection and spark-ignition. The engine is
equipped with a siamese port, a four-valve pent-roof head, and a contoured combustion
bowl in the piston. The preparation of the combustible mixture at spark-timing is cal-
culated with a detailed three-dimensional CFD simulation of the gas exchange process,
using a standard k− ε turbulence model. An enhanced swirl field is generated by the
deactivation of the left intake valve as presented in Fig. 8.1. The calculation starts at
intake valve opening. The direct fuel spray injection is modeled with 25,000 stochastic
Lagrangian spray parcels coupled to the gas phase via source terms. An initial droplet
size distribution (SMD=15 µm) is assumed instead of modeling the primary breakup.
Vaporization is captured using a continuous multi-component mixture approach [2].
Spray model parameters (e.g. spray-plume mass distribution at the injector exit; initial
droplet size and velocity) were optimized by comparison to spray-rig experiments.
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Cases
I II III
Intake air temperature ◦C 91 95 103
Engine speed rpm 1000 2000 3000
Ignition timing ◦CA ATDC -29 -34 -40
Start of injection ◦CA ATDC -32.3 -43 -59.5
End of injection ◦CA ATDC -29 -35 -39.9
Injected fuel mass mg 5.6 9.3 12.93
Mean air/fuel ratio [–] 43 27 22
Mean EGR % 49.8 44 36.2
Dilution mass fraction [–] 0.183 0.268 0.273
Table 8.2: Specifications of the investigated engine operating points. The dilution mass
fraction is defined in Eq. (5.5).
Figure 8.1: Visualization of the mixture preparation process. A detailed 3D numerical
simulation of the intake process with a deactivated left intake valve for enhanced swirl
generation is performed. The direct fuel spray injection is modeled using a Lagrangian
spray model. The spark plug (9 mm spark plug, 2 mm spacer) is included in the engine
mesh.
92 Chapter 8. Spray-Guided Spark-Ignition Combustion
The topology of the engine as well as the computational grid are shown in Fig. 8.2.
The intake runner, the siamese port, and the spark plug (9 mm spark plug with a 2
mm spacer) are included in the engine model to capture the interactions of the fuel
spray with the spark electrodes. The computational grid for the detailed simulation
of the gas exchange process comprises ∼222,000 cells. The closed engine grid for the
simulation of the direct fuel injection and the analysis of the spray-guided spark-ignition
combustion process comprises ∼97,000 computational grid cells, respectively.
Figure 8.2: Unstructured computational grid of the engine including the model for the
intake runner and the siamese port. This mesh comprises ∼ 222,000 grid cells. The
closed engine grid comprises ∼ 97,000 grid cells, respectively.
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8.2 Combustion Analysis
In this section, the results of the calculations for the investigated SG-SIDI gasoline
engine operating points are presented. Simulations, performed using the enhanced G-
equation combustion model, are compared to experimental data, which were provided
by the General Motors Company.
At first, the pressure traces and heat release rates, processed from the numerical
simulation, are presented in Fig. 8.3. They are in an overall excellent agreement with
the experimental measurements. The flame-development angle ∆θd (0− 10% burnt
Figure 8.3: Comparison of simulated (lines) and measured (symbols) pressure traces
(left) and heat release rates (right) for the investigated cases. For exemplification, the
timings of the start/end of injection (SOI/EOI) and the start of energizing (SOE) are
highlighted.
fuel mass fraction [42]) of the spark advance and the phase of main combustion are well
predicted by the G-equation combustion model. Table 8.3 summarizes the characteristic
combustion parameters of peak pressures, peak pressure locations, burnt mass fractions,
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and combustion efficiencies for the investigated operating points of the SG-SIDI engine.
Cases
I II III
Peak pressure
Experiment bar 36.40 42.25 44.65
Simulation bar 36.39 42.10 44.23
Peak pressure location
Experiment ◦CA ATDC 1.70 4.71 6.78
Simulation ◦CA ATDC 1.40 4.35 6.11
Burn point 5 %
Experiment ◦CA ATDC -18.53 -12.27 -9.22
Simulation ◦CA ATDC -18.05 -11.50 -11.0
Burn point 10 %
Experiment ◦CA ATDC -16.05 -9.53 -6.38
Simulation ◦CA ATDC -15.90 -8.70 -8.10
Burn point 50 %
Experiment ◦CA ATDC -5.4 -0.58 3.09
Simulation ◦CA ATDC -5.1 -1.20 2.10
Burn point 75 %
Experiment ◦CA ATDC 1.11 4.63 9.42
Simulation ◦CA ATDC -0.9 4.30 8.70
Burn point 90 %
Experiment ◦CA ATDC 9.30 12.46 28.74
Simulation ◦CA ATDC 14.7 15.70 27.10
Combustion efficiency
Experiment % 95.56 97.44 97.75
Simulation % 91.70 93.40 95.10
Table 8.3: Simulated peak pressures, peak pressure locations, characteristic burn points,
and combustion efficiencies in comparison to experimental data.
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Figure 8.4: 3D visualization of the fuel spray injection (top row) and the turbulent flame
front propagation for all investigated cases of the spray-guided gasoline engine.
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The complicated patterns of turbulent flame front propagation, induced by the high
flow velocity and the stratified charge mixture preparation process from direct fuel in-
jection, are presented in Fig. 8.4. It shows the three-dimensional visualization of the
spray injection and the development of the early non-spherical turbulent flame front.
Figure 8.4 illustrates the substantial differences in the progression of turbulent com-
bustion among the investigated engine operating points. The applied engine load and
mixture dilution result in significant variations of laminar and turbulent burning veloci-
ties among the studied cases. The temporal distribution of flame front-averaged values
are presented in Fig. 8.5 and Fig. 8.6, respectively. Local flame front values show a
substantial deviation from these averaged quantities due to the distinctive mixture strat-
ification induced in this engine operating mode. These local distributions are presented
in Fig. 8.7, visualizing the laminar burning velocity and the flame propagation velocity
across the mean turbulent flame front, depicted for Case II, at 20◦CA after spark break-
down. The flame propagation velocity is defined in Eq. (6.3) as the effective velocity of
the flame in the normal mean turbulent flame front direction. It considers flame advec-
tion due to the local flow field and the local turbulent burning velocity. Positive values
indicate flame front propagation towards the unburnt gas.
Figure 8.5: Laminar burning velocity distribution for all investigated cases. Quantities
are averaged over the mean turbulent flame front.
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Figure 8.6: Turbulent burning velocity distribution for all investigated cases. Quantities
are averaged over the mean turbulent flame front.
Figure 8.7: Local distribution of the laminar burning velocity (left) and the flame front
propagation velocity F˜ (right) at about -10◦CA ATDC, depicted for Case II. The velocity
F˜ is defined in Eq. (6.3) as the net velocity from flow field advection and turbulent
burning velocity. Positive values indicate flame propagation towards the unburnt gas.
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In Fig. 8.8, the partially-premixed combustion process of the investigated spray-
guided gasoline engine, depicted for Case III, is classified using the regime diagram
for premixed turbulent combustion by Peters [77]. Although substantial temporal vari-
ations of turbulence and flame front velocity and length scales are observed, Figure 8.8
shows that the operating conditions are located within the thin reaction zone regime
throughout the whole combustion process. There, the increase of the turbulent burning
velocity with the turbulence intensity approaches the square root dependence according
to Damko¨hler [19]. In this regime, the Kolmogorov eddies do not perturb the inner
layer reaction zone of the flame front so that the chemical time scales remain unaffected
by turbulence. This confirms the underlying flamelet assumption of scale separation
between the chemical kinetics and the turbulence, and demonstrates the validity of the
G-equation flamelet model to predict turbulent partially-premixed combustion in spray-
guided spark-ignition direct-injection engines.
Figure 8.8: Location of turbulent combustion of the investigated spray-guided spark-
ignition direct-injection gasoline engine, depicted for Case III, within the regime dia-
gram. The timings of spark advance, top dead center (TDC), and burn-out are high-
lighted. Quantities are averaged over the mean turbulent flame front surface.
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8.3 Understanding Ignition Phenomena Using the
Non-Spherical Non-Unity Lewis Number SparkCIMM
Model and High-Speed Laser Imaging Techniques
For Case II, a more comprehensive understanding of spray-guided spark-ignition phe-
nomena is obtained by the application of high-speed laser-sheet imaging techniques and
numerical simulations, using ignition models of different physical complexities, all cou-
pled to the same 3D G-equation approach. The different features of the ignition models
are summarized in Table 8.4. The ignition models are defined as follows:
• Model I: Single flame kernel model
The existence of a spark channel is neglected and related processes, discussed in
Sec. 5.2.3 (e.g. formation, corrugation, re-strikes, localized ignition), are ther-
fore not considered. Flame extinction criterions, introduced in Sec. 5.2.4, are not
applied. At the time of spark energizing, a single flame kernel is positioned at
the center of the spark gap. The flame subsequently advects at the local flow,
grows at the turbulent burning velocity, and expands during the spark duration at
the plasma velocity due to spark energy discharge. Equivalence ratio fluctuations
are considered, but variations in enthalpy and flame stretch are neglected. The
equation for the mean turbulent flame kernel growth velocity reads:
s˜T,κ˜ =
1∫
0
[sL · (σ˜t +1)] P˜(Z; Z˜, Z˜′′2)dZ− κ˜
(
Dl + D˜t
)
, (8.1)
with Dl as the laminar (molecular) diffusivity of the flame. The mean turbulent
flame surface area ratio σ˜t is calculated according to Peters [77]. More details on
single flame kernel models can be found in [17, 20, 21, 99].
• Model II: Non-spherical flame kernel model
A documentation of this model is given in [18]. However, in this approach, it is
enhanced by flame extinction criterions (Sec. 5.2.4) and by the flamelet equations
(Sec. 4.1.2) to predict multiple localized ignition spots along the re-striking spark
channel leading to a non-spherical early flame front. This flame front is tracked
by a Lagrangian particle model, presented in [18]. The turbulent propagation
velocity s˜T,κ˜ of merged flame kernels is calculated at sample points i along the
non-spherical flame front, using a beta-pdf approach to consider turbulent mixture
fraction fluctuations, compare Sec. 5.2.3:
s˜T,κ˜ =
1
N
N
∑
 1∫
0
sL · (σ˜t +1) P˜(Z; Z˜, Z˜′′2FK)dZ− κ˜
(
Dl + D˜t
) (8.2)
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Effects of enthalpy variations and mean curvature on the laminar flame structure
are neglected. The mean turbulent flame surface area ratio σ˜t is calculated accord-
ing to Peters [77]. Re-strikes result in spark energy discharge locations generally
apart from already launched flame kernels, vanishing their expansion velocity.
• Model III: Non-spherical unity Markstein number model
The spark channel model (Lagrangian particle tracking; empirical re-strike model;
flamelet equations for localized ignition spots & local Karlovitz number criterion
for subsequent successful flame propagation) and the flame extinction criterions
are applied as presented in Sec. 5.2.3 and Sec. 5.2.4, respectively. Early flame
kernel propagation is tracked considering the full modeling complexity derived in
Sec. 5.2.3 (turbulent curvature term D˜t κ˜ only reduces burning velocity difference
∆s = sT − sL; flamelet library for enhanced flame structure approximations; tur-
bulent mixture fraction fluctuations; non-equilibrium enthalpy formulation; fluc-
tuations of flame stretch due to mean flame front curvature; generalized equation
for the mean turbulent flame surface area ratio σ˜t). However, effects of non-unity
Lewis numbers on the early turbulent burning velocity are neglected. A constant
Markstein number is assumed (M = 1) resulting in a Markstein length L =M ` f ,
which is equal to the laminar flame thickness ` f . The resulting equation for the
mean turbulent flame kernel propagation velocity of merged flame kernels reads,
compare Sec. 5.2.3:
s˜T,κ˜ =
1
N
N
∑
 1∫
0
max
[
s0L(1− ` f κ˜), s0L(1− ` f κ˜) · (σ˜t +1)− κ˜ D˜t
]
P˜(Z)dZ
 (8.3)
• Model IV: Non-spherical non-unity Lewis number model (SparkCIMM)
This model includes the full complexity of modeling derivations presented in this
thesis to capture spark channel processes (Lagrangian particle tracking; empirical
re-strike model; flamelet equations for localized ignition spots & local Karlovitz
number criterion for subsequent successful flame propagation) and early flame
front propagation (turbulent curvature term D˜t κ˜ only reduces burning velocity
difference ∆s = sT − sL; flamelet library for enhanced flame structure approxima-
tions; turbulent mixture fraction fluctuations; non-equilibrium enthalpy formula-
tion; fluctuations of flame stretch due to mean flame front curvature and non-unity
Lewis numbers; generalized equation for the mean turbulent flame surface area ra-
tio σ˜t). It differs from the non-spherical unity Markstein number model (III) only
by the consideration of non-unity Lewis numbers to calculate local Markstein
numbers (M = f (Le) 6= const), defined in Eq. (5.47). The resulting equation for
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the turbulent flame kernel propagation velocity reads, as introduced in Sec. 5.2.3:
s˜T,κ˜ =
1
N
N
∑
 1∫
0
max
[
s0L(1−M ` f κ˜),s0L(1−M ` f κ˜) · (σ˜t +1)− κ˜ D˜t
]
P˜(Z)dZ
(8.4)
with P˜(Z) = P˜(Z; Z˜, Z˜′′2FK).
Process Captured Numerical Technique Ignition Model
Laminar burning velocity Detailed chemistry I, II, III,
& flame structure premixed-flamelet library [Sec. 5.1.3] SparkCIMM
Turbulent equivalence Presumed-shape β-PDF approach [95] I, II, III,
ratio fluctuations SparkCIMM
Spark stretching & Lagrangian particle tracking [Eq. (5.18)] II, III,
restrikes & empirical restrike model [`∼ 10 mm] SparkCIMM
Localized ignition & Flamelet equation [Eqs. (5.21), (5.23)] & II, III,
flame kernel formation Karlovitz-number criterions [Eqn. (5.25)] SparkCIMM
Non-spherical early Lagrangian particle flame-front II, III,
flame-front propagation tracking model [Sec. 5.2.3] SparkCIMM
Localized flame Flamelet extinction criterions II, III,
extinction phenomena [Eqs. (5.63), (5.64), (5.65)] SparkCIMM
Enthalpy fluctuations due Localized non-equilibrium enthalpy III,
to spray evaporation scheme [Eqs. (5.38), (5.39)] SparkCIMM
Laminar burning velocity & Molecular diffusion model III,
structure of curved flames [Eqs. (5.44), (5.46)] SparkCIMM
Turbulence & flame-front Generalized turbulent flame surface III,
interaction area ratio model [Eqs. (5.55)]; SparkCIMM
Turbulent curvature & turbulent burning
velocity difference scheme [Eq.(5.33)]
Deficient species diffusion Non-unity Lewis number model SparkCIMM
into flame reaction zone [Eqs. (5.47), (5.51)]
Table 8.4: Ignition models (I–III + SparkCIMM (IV)) of different physical complexity.
Grey areas highlight physical models, which are introduced in this thesis.
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8.3.1 Towards the Relation of Spark Channel Processes and the
Formation of Non-Spherical Early Turbulent Flame Fronts
At first, the single flame kernel model (I) is applied to calculate the turbulent flame
front propagation of the investigated engine operating mode, defined in Table 8.2. The
pressure trace and heat release rate, processed from this simulation, are compared in
Fig. 8.9 to experimental measurements and numerical simulation results performed by
the non-spherical non-unity Lewis number SparkCIMM model (IV). The timings of the
deactivation of the ignition models, which depend on the local grid resolution of the
early flame as discussed in Sec. 5.2.3, are also highlighted in Fig. 8.9. Both ignition
models are active until 20− 25◦ CA after spark advance before the predicted flame
shape is mapped to the 3D G-equation level-set based flamelet model. This distinctive
period approximately represents the flame-development angle ∆θd (0−10% burnt fuel
mass fraction [42]), and emphasizes the substantial meaning of the ignition model on
the prediction of turbulent flame front propagation in spray-guided gasoline engines.
Apparently, the simpler single flame kernel approach (I) fails to predict a reasonable
flame front propagation.
Figure 8.9: Comparison of measured (symbols) and simulated (lines) pressure traces
(left) and heat release rates (right). The simulations were performed using a single
flame kernel (I) and the non-spherical non-unity Lewis number SparkCIMM model (IV),
developed in this work. The simpler ignition model (I) fails to predict reasonable flame
front propagation. For exemplification, the timings of start/end of injection (SOI/EOI)
and the start of energizing (SOE) are highlighted. The times when the early flame
shape, predicted by the corresponding ignition models, is mapped to the 3D G-equation
approach is also marked.
Figure 8.10 presents a three-dimensional visualization of the development of the
early flame front, predicted by the two latter ignition models. Since the single flame
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kernel model (I) does not apply criterions for successful ignition and flame front propa-
gation, this model launches the flame kernel at the time of spark-ignition and therefore
earlier than the more advanced SparkCIMM model (IV). Also, the single flame ker-
nel is initialized at the center of the spark-electrodes and not along the spark-channel.
Consequently, differences of predicted flame kernel advection are shown in Fig. 8.10.
While the SparkCIMM model (IV) predicts a substantial early turbulent flame front
Figure 8.10: Comparison of predicted early turbulent flame fronts, using (left) the non-
spherical non-unity Lewis-number SparkCIMM model (IV), developed in this thesis,
and (right) a single flame kernel approach (I).
propagation, the single flame kernel model (I) shows negligible combustion before it
finds burnable mixture later on and close to the piston bowl. Figure 8.11 presents a
side-view comparison of probabilities of finding an instantaneous flame front. The dif-
ferent results are processed from simulations, using the two different ignition models
and experimental high-speed laser-sheet images. These experimental data has been ob-
tained from 200 individual engine-cycles. This comparison shows the good agreement
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between the experimentally obtained flame probability contours of early flame shapes
with the prediction of the SparkCIMM model (IV). Figure 8.11 also exemplifies that
the single flame kernel model (I) is not capable for reproducing the qualitative features
observed in spray-guided spark-ignition systems.
Figure 8.11: Side-view comparison of probabilities of finding an instantaneous flame
front processed from results of (left) a single flame kernel model (I), (middle) experi-
ments, and (right) the SparkCIMM model (IV), developed in this thesis, at three times
after spark breakdown [18]. Equation (5.62) is used to calculate the flame-location
probability for the G-equation simulations.
In the following, a detailed analysis is presented to provide physical explanations
of the shown modeling deficiencies of the single flame kernel model (I). At first, the
velocity field close to the spark plug and at spark timing is investigated in Fig. 8.12.
The flow field results from the direct fuel injection and the gas exchange process, which
generates an intensive swirl by the deactivation of the left intake valve. Local flow
velocity magnitudes approach v=50 m/s. Also steep gradients in the local velocities are
shown in Fig. 8.12, indicating high turbulence intensities.
In Fig. 8.13, high-speed (24,000 frames/s) broadband visible luminosity images of
the spark-channel for two different individual engine cycles are presented. It shows
the formation and the turbulent corrugation of this spark-channel due to the local high-
velocity flow, compare Fig. 8.12. Also, localized ignition spots along the spark-channel
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Figure 8.12: Velocity field around the spark gap at ignition timing induced by the intake
swirl flow and the direct fuel spray-injection (top right). Local flow velocity magnitudes
approach v=50 m/s. Geometrical details of the piston bowl shape are not shown.
are observed, which subsequently lead to flame kernel formations and flame front propa-
gations. Characteristic length scales are identified as the spark-channel thickness (∼0.05
mm) and the flame kernel length scale (∼0.5 mm [57]). The spark can stretch up to∼10
mm from the spark plug before a re-strike occurs. Then, the gas voltage has reached
the breakdown voltage and the spark-channel re-strikes back to the spark-gap, tracked
between the third and fourth image of cycle 41 in Fig. 8.13. However, this re-strike
has no apparent influence on combustion, which proceeds due to the local conditions.
Figure 8.14 presents the three-dimensional visualization of the equivalence ratio distri-
bution along the spark-channel, modeled by the SparkCIMM approach (IV).
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Figure 8.13: High-speed (24,000 frames/s) broadband visible (rich combustion) lumi-
nosity images of the spark-channel for two different individual engine cycles [18].
Top (Cycle 1): Formation, advection, and turbulent corrugation of the spark-channel
due to the local flow field.
Bottom (Cycle 41): Localized ignition and flame kernel formation along the spark-
channel. The re-strike, tracked between the third and fourth image, has no apparent
influence on the propagating flame kernel.
Figure 8.14: (a) Computed 3D visualization of the equivalence ratio φ along the spark-
channel [18]. (b) High-speed (24,000 frames/s) individual-cycle CN? (385 nm) emis-
sion imaging from the spark suggesting strongly varying fuel concentration along the
spark-channel.
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This distribution is compared to high-speed individual-cycle CN? emission images,
which suggest strongly varying fuel concentrations along the spark-channel. In sum-
mary, experiments and computational fluid dynamics (CFD) both show a substantial
mixture stratification on this scale.
Figure 8.15: Prediction of localized ignition spots along the spark-channel, using the
flamelet equations. The detailed chemistry model predicts ignition in rich mixture re-
gions first, consistent with general experimental features, shown with high-speed laser
imaging techniques (top images). A spherical flame kernel (yellow) is placed along
the spark-channel wherever the mean temperature exceeds the cross-over temperature
T˜ = T 0, defined in Eq. (5.8). These localized spots along the spark-channel are also
observed in experiments (image below). Then, further criterions are applied to verify a
successful flame front propagation as discussed in Sec. 5.2.3.
In spark-ignition engines, the energy discharge rate locally increases the enthalpy of
the mixture along the spark-channel until localized ignition occurs. These phenomena
are predicted by the flamelet equations. Figure 8.15 shows that the three-dimensional
SparkCIMM model (IV) passes the pressure, the scalar dissipation rate, assumed to
be constant over mixture fraction space, and the spark energy discharge rate along the
spark-channel to the flamelet code. Based on that, ignition is predicted by the flamelet
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equations in mixture fraction space, using a detailed chemistry model. This model pre-
dicts the formation of ignition spots in rich mixture regions first, consistent with ob-
servations from experiments (top images). The calculated temperature distribution in
mixture fraction space is then mapped back onto the spark-channel. A spherical flame
kernel is placed along the spark-channel wherever the temperature exceeds the cross-
over temperature T 0, defined in Eq. (5.8). However, this does not necessarily lead to
a successful flame kernel propagation. Further criterions are applied for its verification
as presented below. The distinctive scalar dissipation rates, present along the spark-
Figure 8.16: Scalar dissipation rate χst , conditioned on stoichiometric mixture fraction
along the spark-channel as defined in Eq. (4.18) after the start of energizing (SOE). The
distribution shows discontinuities at simulated spark-channel re-strike events.
channel at ignition timing, are shown in Fig. 8.16. It can be seen that the initial high
values of the scalar dissipation rate decay shortly after the start of energizing, but re-
main on substantial values during the spark duration. The distribution also shows dis-
continuities at simulated spark-channel re-strike events. If such an event is detected, the
spark-channel is located back to its original position. Then, fresh mixture, characterized
by different scalar dissipation rates, gets excited from that time on.
Figure 8.17 presents a three-dimensional visualization of the distribution of the
equivalence ratio, turbulence intensity, and velocity magnitude along the spark-channel
at three different times after the start of energizing. These auto-ignition and flame front
propagation related quantities are used to detect the location and time of successful
flame kernel formation. A first ignition spot was predicted at t≈50 µs after spark ad-
vance, compare Fig. 8.15. However, the first subsequent successful flame propagation
is detected not before t≈130 µs after the start of energizing. This is attributed to the
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fundamental different physical mechanisms leading either to distinctive auto-ignition or
significant flame front propagation.
Figure 8.17: Computed 3D visualization of (left) equivalence ratio φ, (middle) turbu-
lence intensity v′, and (right) velocity magnitude ||~˜u|| along the spark-channel at dif-
ferent timings after the start of energizing (SOE) [a: t = 220 µs, b: t = 330 µs, and
c: t = 550 µs]. Localized ignition and subsequent successful flame kernel formation is
detected within the presented time-frame at t ∼ 470 µs using the criterions described in
Sec. 5.2.3. Then, a small (∼ 0.5 mm [57]) spherical flame kernel (yellow) is initialized
at the corresponding position.
After such a successful localized flame kernel formation, the flame advects at the
local flow and grows at the local turbulent burning velocity. Figure 8.18 presents the
ratio of the turbulent burning velocity s˜T , computed by the SparkCIMM model (IV),
and the flow field velocity magnitude ||~˜u|| during the early stage of combustion. It
emphasizes that, due to the direct spray-injection, the flow velocity is initially much
higher than the burning velocity. Consequently, the flame advects away from the spark
plug. This motion is not compensated by the flame kernel growth. At the same time, the
spark-channel also stretches up from the spark gap as observed in Fig. 8.13. However,
from time to time, spark-channel re-strikes occur, which reset the spark-channel to its
original position between the spark electrodes. There, new flame kernel formations are
induced from that time on. The location of already launched flame kernels, however,
is not affected by these spark-channel re-strikes, but their burning velocity is no longer
supported by the energy discharge rate.
In summary, early non-spherical flame kernel shapes develop in spray-guided gaso-
line engines due to advecting and merging flame kernels, launched during multiple
successful ignition events along the re-striking spark-channel. Apparently, a single
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flame kernel model (I), which neglects the presence of a spark-channel, is not capa-
ble for reproducing these general features. Without this capability, however, the as-
sumed spherical flame shape leads to an over-predicted initial flame front curvature, an
under-predicted turbulent flame surface area, and, most importantly, possibly untracked
locations of substantial early flame front propagation. This explains the observed fail-
ure of the single flame kernel model (I), which is not considered further, to predict early
combustion in spray-guided gasoline engines.
Figure 8.18: Ratio of the mean turbulent burning velocity s˜T , computed by the
SparkCIMM model (IV), and the mean flow field velocity magnitude ||~˜u||, averaged
along the early flame front after the start of energizing (SOE).
8.3.2 Understanding the Significance of Molecular Fuel Properties
in Early Flame Front Propagation
To provide a more detailed analysis of early combustion, the turbulent Damko¨hler and
the turbulent Reynolds numbers are computed along the non-spherical mean turbulent
flame front, using the SparkCIMM model (IV). Their distribution after ignition timing
is shown in Fig. 8.19. The regime of these low turbulent Damko¨hler numbers during
early spray-guided spark-ignition combustion is highlighted in Fig. 8.20. In this regime,
the effect of the turbulence intensity on the turbulent burning velocity is significantly
reduced. In turn, molecular fuel properties have a substantial meaning on flame front
propagation. It also emphasizes the vanishing dependence of the laminar burning veloc-
ity on strain rates. This conclusion is obtained due to large initial values of λ f , defined
as the ratio of the frequency of forcing ft above the reciprocal flame transit time f . This
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ratio λ f is equal to the inverse of the turbulent Damko¨hler number Da
λ f =
ft
f
=
v′/`t
s2L/D
=
v′
sL
` f
`t
=
1
Da
, (8.5)
and serves as an appropriate criterion to quantify strain rate effects on the laminar burn-
ing velocity according to Clavin and Joulin [13, 51] and Chen amd Im [37, 47]. The
analysis presented in Fig. 8.19 shows initial values of λ f (=Da−1) well above unity
(3 < λ f < 6), which indicates the minor significance of strain rates. The turbulent
Damko¨hler number increases substantially after the characteristic time τχ has passed.
Figure 8.19: Turbulent Damko¨hler and turbulent Reynolds numbers, averaged over the
early non-spherical mean turbulent flame front, after the start of energizing (SOE). The
Damko¨hler number increases substantially after a characteristic time τχ.
Then, the contribution of the turbulence to the turbulent burning velocity increases sig-
nificantly, leading to an enhanced flame kernel propagation velocity. The analysis pre-
sented in Fig. 8.20 proofs the significance of molecular fuel properties on ignition phe-
nomena. In the following, quantities characterizing laminar flame front propagation are
investigated. Figure 8.21 presents the distribution of the mixture fraction and the mix-
ture fraction variance, averaged over the early non-spherical mean turbulent flame front,
after spark advance. It shows that launched flame kernels initially propagate through
rich mixtures with high variations in equivalence ratio, emphasizing that the time τχ,
highlighted in Fig. 8.19, is, in essence, a mixing time. It is required to lean the mix-
ture out towards stoichiometric conditions. This eventually results in much faster and
thinner flames, leading to distinctively increased turbulent Damko¨hler numbers. This
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Figure 8.20: Regime of low turbulent Damko¨hler numbers during early non-spherical
flame kernel propagation in spray-guided spark-ignition direct-injection (SG-SIDI)
gasoline engines. In this regime, the effect of the turbulence intensity on the turbulent
burning velocity is reduced and molecular fuel properties have a substantial meaning on
flame front propagation. After a characteristic mixing time τχ, highlighted in Fig. 8.19,
the Damko¨hler number increases distinctively.
The small dots denote experimental data [8] and the large dots their localized average.
The line results according to Eq. (3.75), assuming a fully developed and a, in the mean,
planar turbulent flame front.
indicates that the flame-development angle ∆θd (0−10% burnt fuel mass fraction [42])
in SG-SIDI engines scales with the mixing time τχ, which is inversely proportional to
the scalar dissipation rate, defined in Eq. (4.9). This displays a fundamental difference
to ignition processes in homogeneous charge engines. There, the flame-development
angle ∆θd scales with the turbulent turnover time τ, reflecting the time required for the
turbulence to corrugate the initial quasi-laminar flame front. The scalar dissipation rate
χZ , however, has no meaning on homogeneous charge spark-ignition phenomena.
The mixture is also highly diluted due to significant levels of exhaust gas recirculation.
Figure 8.22 illustrates the distinctive mixture dilution, defined in Eq. (5.5), along the
early flame shape.
In addition to the large mixture fraction fluctuations, the early flame also experiences
significant variations in enthalpy due to the evaporation of the fuel spray. A three-
dimensional visualization of the injected spray parcels and the evaporated gaseous fuel
at ignition timing is presented in Fig. 8.23. A mixture fraction iso-surface of Z˜ = 0.15
is shown, which is color-coded by the oxidizer and the unburnt mixture temperature.
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Figure 8.21: Mixture fraction Z˜ and mixture fraction variance Z˜′′2, defined in Eqs. (4.7)
and (4.8), averaged over the early non-spherical mean turbulent flame front, after the
start of energizing (SOE).
These two temperatures differ substantially due to the evaporation heat losses. They are
used to reconstruct the enthalpy distribution of the non-premixed flamelet space at each
point along the mean turbulent flame front, using Eq. (5.39). This enthalpy variation
leads to distinctive fluctuations of the unburnt mixture temperature, shown in Fig. 8.24.
The presented temperature fluctuation is calculated from the standard deviation of mix-
ture fraction variances as follows:
∆T˜ub = T˜ub
(
Z˜−
)
− T˜ub
(
Z˜+
)
, (8.6)
with Z˜− and Z˜+ defined as
Z˜± = Z˜±
(
Z˜′′2
)1/2
. (8.7)
The turbulent integral length scale `t and the turbulent eddy turnover time τ along the
non-spherical early turbulent flame front are presented in Fig. 8.25, exemplifying the
small scale turbulent structures induced by the direct spray-injection. They significantly
contribute to the resulting small turbulent Damko¨hler and turbulent Reynolds numbers
during spray-guided spark-ignition processes.
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Figure 8.22: Mean mixture dilution mass fraction Y˜Dil , averaged over the early non-
spherical mean turbulent flame front, after the start of energizing (SOE). The dilution
mass fraction is defined in Eq. (5.5).
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Figure 8.23: 3D visualization of the injected spray parcels (above) and the evaporated
gaseous fuel (middle) at ignition timing. The mixture fraction iso-surfaces (Z˜ = 0.15)
are color-coded by the oxidizer temperature (left) and the mean unburnt mixture temper-
ature (right), both computed from Eq. (5.38). These temperatures are used to reconstruct
the local enthalpy fluctuations at each point along the mean turbulent flame front, using
Eq. (5.39).
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Figure 8.24: Unburnt mixture temperature T˜ub, defined in Eq. (5.38), and unburnt mix-
ture temperature variations ∆T˜ub, obtained from Eqs. (5.39) and (8.6), after the start of
energizing (SOE). Quantities are averaged over the early non-spherical mean turbulent
flame front.
Figure 8.25: Turbulent integral length scale `t , defined in Eq. (2.17), and turbulent eddy
turnover time τ, defined in Eq. (2.20), after the start of energizing (SOE). The turnover
time is given in units of ◦CA to exemplify this turbulent time scale in relation to the
engine time scale. Quantities are averaged over the early non-spherical mean turbulent
flame front.
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The analysis reveals that early flame propagation likely takes place in rich, highly
diluted, and small scale turbulent mixtures. This results in thickened laminar flames
and large Markstein numbers [49]. Consequently, this indicates a significant contri-
bution of curvature effects to the laminar flame structure. This effect scales with the
Markstein length. Therefore, curvature-related quantities are analyzed in the following.
Figure 8.26 presents the distribution of the Lewis number over equivalence ratio for a
cross-over temperature T 0 = 1400 K. The distribution was calculated using Eq. (5.51).
The Lewis numbers of the corresponding deficient species in the lean and in the rich
mixture limit have been obtained to Le f =2.55 (gasoline) and LeO2=0.52, respectively.
The substantial deviation of the oxygen Lewis number from unity is noticeable. It has
been calculated for a mixture at φ= 3.5. Then, oxygen diffuses not only into nitrogen,
which would result in a unity-Lewis number, but also into substantial parts of heavy-
weighted fuel components. The Lewis number has a significant meaning on flame prop-
agation. If a flame is associated with a large-activation energy reaction, the diffusion of
the deficient species into the reaction zone represents a rate-determining process. This
process is characterized by the Lewis number.
Figure 8.26: Lewis number distribution over equivalence ratio φ for a cross-over tem-
perature T 0=1400 K (p = 10 bar), calculated using Eq. (5.51). The Lewis numbers of
the corresponding deficient species in the lean and rich mixture limit have been obtained
to Le f =2.55 (gasoline) and LeO2=0.52, respectively. The latter has been calculated for
a mixture at φ= 3.5, using a detailed transport property scheme.
The Zeldovich number distribution over equivalence ratio is presented in Fig. 8.27 for a
mixture at Tu=700 K, p=10 bar, and different levels of mixture dilution mass fractions.
The corresponding Markstein number distribution is shown in Fig. 8.28. Its calculation
formula is validated in Fig. 8.29, where the results of the SparkCIMM approximation
are compared to experimental data from Kwon et al. [66] and Bradley et al. [10], and to
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the computations from Bechtold and Matalon [49] and Mu¨ller et al. [107]. An overall
good agreement with the experimental data is obtained and it is realized that experi-
mentally obtained negative Markstein numbers in fuel-rich mixtures are reproduced in
the simulation by the SparkCIMM approach. The flame thickness distributions is shown
in Fig. 8.30. Highlighted are regions of typical homogeneous charge and spray-guided
spark-ignition regimes. It is shown that in the rich and diluted mixtures of spray-guided
spark-ignition engine operating modes, the Zeldovich and the Markstein numbers are
significantly larger and the laminar flame structures are distinctively thicker compared
to values in stoichiometric mixtures, typical for homogeneous charge spark-ignition en-
gine operation. Additionally, this effect is enhanced through the application of exhaust
gas recirculation.
Figure 8.27: Zeldovich number distribution over equivalence ratio φ at Tu = 700 K and
p = 10 bar, computed from Eq. (5.50), plotted for different levels of mixture dilution
mass fractions, defined in Eq. (5.5).
The effect of curvature on the laminar burning velocity is investigated in Fig. 8.31.
A comparison of laminar burning velocities for a planar and a curved flame with a
radius of R=1 mm over equivalence ratio at Tu=700 K, p=10 bar, and different levels of
mixture dilution is presented. The laminar burning velocity of the planar flame (s0L) is
obtained from a one-dimensional flame code, using detailed chemical kinetics, compare
Sec. 5.1.3. The burning velocity of the curved flame is then computed following
sL(Z) = s0L(Z) ·
[
1−M (Z)` f (Z)κ
]
, (8.8)
with κ as the curvature of the flame front. Apparently, the application of mixture di-
lution reduces the overall laminar burning velocity. In the rich mixture, however, the
flame speed enhances due to negative large Markstein lengths. These develop in such
rich mixtures characterized by Lewis numbers less than unity and thick laminar flames,
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compare Fig. 8.26 and Fig. 8.30, respectively. This enhancement increases with in-
creasing application of exhaust gas recirculation (EGR). This physical complexity is
also observed in Fig. 8.32, showing a distribution of the ratio of the laminar burning
velocity of stretched and planar flames over equivalence ratio at Tu=700 K, p=10 bar,
and three different levels of mixture dilution.
Figure 8.28: Markstein number distribution over equivalence ratio φ at Tu = 700 K and
p = 10 bar, computed from Eq. (5.47), plotted for different levels of mixture dilution
mass fractions, defined in Eq. (5.5). Highlighted are regions of typical homogeneous
charge (HC) and spray-guided (SG) spark-ignition regimes.
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Figure 8.29: Comparison of Markstein numbers over equivalence ratio φ for an iso-
octane/air mixture at Tu = 300 K and p = 1 bar, using experimental data from Kwon
et al. [66] and Bradley et al. [10], the computations from Bechtold and Matalon [49]
and Mu¨ller et al. [107], and the SparkCIMM approximation, derived in this thesis and
computed from Eq. (5.47).
Figure 8.30: Distribution of the laminar flame thickness of a spherical flame with a
radius R = 1 mm over equivalence ratio φ at Tu = 700 K and p = 10 bar. The thickness
of the corresponding planar flame is computed using a detailed chemistry premixed
flamelet model as discussed in Sec. 5.2.5. The flame thickness has been modified to
account for curvature effects, using Eq. (5.46). Three different levels of mixture dilution
mass fractions Y˜Dil , defined in Eq. (5.5), are applied to exemplify the significance of
exhaust gas recirculation on the ignition process. Highlighted are regions of typical
homogeneous charge (HC) and spray-guided (SG) spark-ignition regimes.
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Figure 8.31: Comparison of laminar burning velocities computed from Eq. (5.45) for a
planar (thick symbols/lines) and a curved (small symbols/lines) flame with a radius of
R = 1 mm over equivalence ratio φ at Tu = 700 K, p = 10 bar, and different levels of
mixture dilution a) YDil = 0 b) YDil = 0.15 c) YDil = 0.3.
Figure 8.32: Distribution of the ratio of the laminar burning velocities of curved (sL,
spherical flame with radius R = 1 mm) and planar (s0L) flames over equivalence ratio
φ at Tu = 700 K and p = 10 bar, computed from Eq. (5.45). Three different levels of
mixture dilution mass fractions Y˜Dil , defined in Eq. (5.5), are applied to exemplify the
significance of exhaust gas recirculation on the ignition process. Highlighted are regions
of typical homogeneous charge (HC) and spray-guided (SG) spark-ignition regimes.
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The application of the latter more fundamental studies to turbulent combustion in the
investigated spray-guided gasoline engine is presented in Fig. 8.33. It shows a compar-
ison of laminar burning velocity ratios during early combustion, computed with models
of different physical complexity. The non-spherical flame kernel model (II) adds the
molecular to the turbulent diffusivity and leaves the laminar burning velocity essentially
unchanged. This results in a constant ratio of s˜L/s˜0L = 1. The unity Markstein number
model (III) modifies the flame structure assuming that the Markstein length is equal to
the laminar flame thickness. Therefore, it initially predicts a retarded burning veloc-
ity. The SparkCIMM model (IV), however, computes the Markstein length based on
a non-unity Lewis number approach. It leads to a significant acceleration of the flame
during the early phase of rich combustion. Later on, as the mixture leans out towards
stoichiometric and lean mixtures, SparkCIMM (IV) predicts a decreased burning veloc-
ity. At that time, the curvature effects are already assumed to be negligible in the unity
Markstein number model (III). In SparkCIMM (IV), they have a distinctive influence
on the laminar flame structure until CA∼14◦CA after spark-ignition. Since a RANS
turbulence model does not directly provide resolved flame front corrugations due to
turbulence, these corrugations are analyzed by predicted ratios of the velocity of the
turbulent flame kernel growth and the laminar burning velocity in Figure 8.34. These
ratios reflect the turbulent flame surface area ratio (s˜T/s˜L ∼ A˜T/A˜), and are computed
with the latter three ignition models. The non-spherical flame kernel model (II) leads to
a significant delay (∆tFK) of the first flame kernel appearance. Initially, the substantial
turbulent diffusivity D˜t reduces the propagation velocity to below the flame extinction
limit. In the unity Markstein number model (III), the laminar burning velocity is initially
reduced, compare Fig. 8.33, so that the resulting turbulent burning velocity s˜T cannot
compete with the distinctive turbulent diffusivity D˜t . However, this turbulent diffu-
sivity reduces turbulent flame front corrugations only, but leaves the laminar burning
velocity mainly unchanged. Therefore, initially, a quasi-laminar flame front propaga-
tion is predicted for a significant time (∆tLam) after spark advance. Substantial turbulent
flame front corrugations are not detected before an additional flame front wrinkling
time (∆τM ) has passed. This time scale is obtained from Fig. 8.25. The SparkCIMM
model (IV) initially predicts, due to the non-unity Lewis number approach, a turbulent
flame kernel propagation velocity significantly higher than the laminar burning veloc-
ity. Therefore, distinctive turbulent flame front corrugations of the early flame front are
predicted shortly after the start of energizing after the wrinkling time ∆τF .
High-speed laser-sheet Mie-scattering images of early combustion from one indi-
vidual engine cycle are presented in Fig. 8.35. It shows spark-channel stretching and
early turbulent flame front propagation. A contrast-enhanced magnified view on early
combustion is provided by Fig. 8.36, showing localized flame kernel formation with
early turbulent flame front corrugations. These early flame corrugations, however, are
only predicted by the SparkCIMM model (IV) as discussed above. This proofs the
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qualification of the developed ignition model. Only the non-spherical non-unity Lewis
number approach successfully reproduces experimentally observed main spray-guided
spark-ignition features of spark-channel stretching and corrugation, formation of non-
spherical early flame kernel shapes with early turbulent flame front corrugations as well
as probabilities of turbulent flame front locations.
A comparison of predicted flame sizes after the start of energizing, computed with
models of different physical complexity, are presented in Fig. 8.37. The non-spherical
flame kernel model (II) leads to a retarded start of combustion, as already observed
and discussed in Fig. 8.34. The unity Markstein number model (III) initially predicts
a reduced flame kernel growth rate. The SparkCIMM model (IV), however, computes
at first an increased and later on a reduced velocity of turbulent flame kernel growth.
The actual differences of these model formulations to mean cylinder quantity predic-
tions (e.g., pressure trace, heat release rate) depend on the particulars of the mixture
preparation process as well as on the spark location and timing. They are therefore
considered as engine operating point dependent. The analysis of the current study is
shown in Fig. 8.38. The substantial influence of the Markstein diffusivity on ignition
is presented in Fig. 8.39. It shows a comparison of the predicted three-dimensional
early flame front development, computed by the SparkCIMM (IV) and by the unity
Markstein number model (III), which only differ in the approximation of the Markstein
length. SparkCIMM (IV) shows an accelerated flame propagation in rich and a reduced
burning velocity in lean mixture regions in the comparison to the simpler model (III).
This result is noteworthy since it emphasizes the particular significance of molecular
fuel-dependent non-unity Lewis number effects on combustion in flows of highest tur-
bulence intensities, as induced in SG-SIDI engines.
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Figure 8.33: Comparison of laminar burning velocity ratios s˜L/s˜0L (s˜L: effective mean
laminar burning velocity of the curved flame, s˜0L: corresponding value of a planar flame),
computed with models of different physical complexity. The non-spherical flame ker-
nel (FK) model (II) does not consider curvature effects on the laminar flame structure,
resulting in a constant ratio s˜L/s˜0L = 1. The unity Markstein number model (III) modi-
fies the flame structure assuming that the Markstein length is equal to the laminar flame
thickness. This results in reduced burning velocity ratios s˜L/s˜0L ≤ 1. The SparkCIMM
model (IV) computes the Markstein length using a non-unity Lewis number approach.
It leads to a significant acceleration of the flame during the early phase of rich combus-
tion. The distinctive influence of the curvature on the laminar flame structure remains
until CA∼14◦CA after the start of energizing (SOE). The quantities are averaged over
the early mean turbulent flame front.
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Figure 8.34: Comparison of predicted ratios of the mean turbulent flame kernel propa-
gation s˜T,κ and the mean laminar burning velocity s˜L, computed with models of different
physical complexity. The non-spherical flame kernel (FK) model (II) leads to a retarded
start (∆tFK) of combustion. Initially, the distinctive turbulent diffusivity D˜t reduces
the propagation velocity s˜T,κ to below the flame extinction limit. The unity Markstein
number model (III) initially predicts (∆tLam) quasi-laminar flame propagation velocities.
Therefore, significant turbulent flame front corrugations are not predicted before an ad-
ditional flame front wrinkling time (∆τM ) has passed. This time scale is obtained from
Fig. 8.25. The SparkCIMM model (IV) initially predicts, due to the non-unity Lewis
number approach, a turbulent propagation velocity significantly higher than the laminar
burning velocity (s˜T,κ/s˜L > 1). Therefore, it detects distinctive turbulent flame front
corrugations of the early flame after the wrinkling time ∆τF . Quantities are averaged
over the early mean turbulent flame front.
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Figure 8.35: High-speed laser-sheet Mie-scattering image of early combustion from one
engine cycle showing spark-channel stretching and early turbulent flame front propaga-
tion [18].
Figure 8.36: High-speed laser-sheet contrast-enhanced Mie-scattering image of early
combustion from one engine cycle, showing localized flame kernel formation with early
turbulent flame front corrugations [18].
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Figure 8.37: Comparison of predicted flame sizes after the start of energizing (SOE),
computed with models of different physical complexity. The non-spherical flame kernel
(FK) model (II) leads to a retarded start of combustion, also observed in Fig. 8.34. The
unity Markstein number model (III) initially predicts a reduced and, subsequently, an
increased flame kernel propagation. The SparkCIMM model (IV) initially predicts an in-
creased and later on a retarded flame kernel growth rate. The influence of the non-unity
Lewis number approach on the flame kernel growth rate is present until CA∼14◦CA
after SOE.
Figure 8.38: Comparison of simulated pressure traces and heat release rates. The sim-
ulations were performed using the non-spherical flame kernel (II), the unity Markstein
number (III), and the SparkCIMM model (IV), developed in this thesis.
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Figure 8.39: Comparison of predicted early flame front propagation, color-coded by the
equivalence ratio φ, after start of energizing (SOE), using the (right) unity Markstein
number (III) and the (left) SparkCIMM model (IV), developed in this thesis. The latter
predicts accelerated flame front propagation in rich mixture and retarded combustion in
lean mixture regions, respectively, due to the applied non-unity Lewis number approach.
Chapter 9
Summary and Conclusion
An enhanced spark-ignition and turbulent flame front propagation model based on the
G-equation has been developed. The presented SparkCIMM ignition model tracks the
advection and turbulent corrugation of the spark-channel (arc) at the local flow with
Lagrangian marker particles. It also monitors localized ignition events along this arc by
using the flamelet equations, which have been extended in this work by an additional
source term to account for the spark energy discharge rate. Furthermore, flame extinc-
tion criterions have been formulated to check for a successful flame kernel propagation
after a localized ignition spot has been formed. A Lagrangian particle tracking scheme
has been developed, which provides the early non-spherical flame front resulting from
multiple successful ignition events along the spark-channel over the duration of a typical
spark (∼ 2 ms). SparkCIMM predicts the turbulent propagation velocity of this flame
kernel by taking the following effects into account:
1. The laminar burning velocity and the laminar flame brush thickness are evaluated
at the local conditions along the flame surface, using tabulated detailed chemistry
premixed flamelet calculations, compare Sec. 5.1.3. This appropriately consid-
ers stratified charge and highly diluted mixtures at engine relevant high-pressure
and high-temperature conditions, which cannot be adequately predicted by more
simplified approximation formulas.
2. The latter two premixed flamelet parameters are subsequently altered by Eqs. (5.45)
and (5.46) to consider laminar stretch-rates due to curvature, using a non-unity
Lewis number mixture approach. The influence of strain-rates and cellular struc-
tures on the local flamelet are assumed to be of minor significance due to small
turbulent Damko¨hler numbers and substantial turbulent flame front corrugations
as discussed in Sec. 5.2.3 and Sec. 8.3, respectively.
3. The influence of such stretched flames on the turbulence and flame front interac-
tion is included by the generalized equation (5.55) for the turbulent flame surface
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area ratio.
4. The Damko¨hler number-dependent bending effect of the turbulent burning veloc-
ity in the large and small scale turbulence regime is included.
5. Effects of turbulent fluctuations of mixture fraction and enthalpy on the premixed
flame structure are considered by Eqs. (4.8) and (5.39).
6. The unsteady development of a laminar into a turbulent flame front by turbulent
eddy corrugations is considered by the introduction of the G˜′′2-equation into the
expression for the turbulent flame surface area ratio, defined in Eq. (5.55).
7. The influence of turbulent curvature effects on the flame kernel propagation ve-
locity is taken into account. It has been shown that this turbulent curvature term
reduces turbulent flame front corrugations and leaves the laminar burning velocity
essentially unchanged. Therefore, Eq. (5.33), calculating the flame kernel prop-
agation, has been appropriately extended so that the turbulent curvature cannot
reduce the turbulent burning velocity to below its laminar value.
8. Flame extinction phenomena are locally tracked based on different criterions dis-
cussed in Sec. 5.2.4.
9. The burning velocity is altered due to plasma effects from the spark energy dis-
charge.
While the fourth, sixth, and ninth mechanisms have been reported previously in the lit-
erature [20, 77, 99], the remaining mechanisms as well as the spark-channel and the
non-spherical Lagrangian particle tracking model are formulated in this work and inte-
grated into a consistent modeling approach. It was validated against numerical flame
front tracking test cases, presented in Sec. 6.3.1, and cases of turbulent premixed com-
bustion, discussed in Chapter 7.
In Sec. 8.3, the predictions of the developed detailed physical model for combustion
in a spray-guided spark-ignition direct-injection (SG-SIDI) gasoline engine are com-
pared to available high-speed laser imaging data. A more comprehensive understanding
of ignition processes has been obtained by studying the effects of varying modeling
complexities on the numerical simulation results. Experiments and simulations both
show localized ignition events along the stretched spark-channel, likely occurring in
rich mixture regions. Subsequently, successfully launched flame kernels advect away
from the spark gap due to the large flow velocities, induced by direct-spray injection.
The simulation shows that these velocities are initially much higher than the turbu-
lent burning velocities. High-speed laser images have revealed that at the same time
multiple re-strikes of the spark-channel to its original position occur. There, fresh mix-
ture gets excited from that time on. This indicates that the non-spherical flame kernel
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shape forms due to advected and merged flame kernels launched during multiple igni-
tion events along the re-striking spark-channel in the high velocity flow field of SG-SIDI
engines. The application of a single flame kernel model, however, has failed to even
qualitatively reproduce this early non-spherical flame kernel shape and the subsequent
flame front propagation as determined from experimental analysis. Additionally, sub-
stantial turbulent flame front corrugations have been experimentally observed shortly
after localized quasi-laminar flame kernel formation. It has been shown that only the
full complexity of the presented modeling approach is able to reproduce this feature in
the numerical simulation. As presented in Sec. 8.3, early flame kernel propagation in
rich and highly diluted small-scale turbulent mixtures is characterized by small turbu-
lent Damko¨hler numbers. This emphasizes the significance of molecular fuel properties
on the turbulent burning velocity. It has been shown that in such mixtures and at convex
high-curvature flame front regions, non-unity Lewis number effects lead to substantially
increased laminar burning velocities and decreased laminar flame thicknesses in com-
parison to corresponding values of planar unstretched flames. This, in turn, additionally
favors an efficient acceleration of the burning velocity by turbulent eddies, expressed by
a significantly increased turbulent flame surface area ratio. Furthermore, the presented
analysis reveals that without the consideration of such non-unity Lewis number effects,
the resulting reduced turbulent burning velocity cannot compete with the distinctive tur-
bulent curvature term. This curvature then reduces the burning velocity down to its
laminar value. This is in turn equivalent to an attenuation of turbulent flame front cor-
rugations towards a smooth laminar flame front. This is in distinctive contrast to the
experimental observations presented in Sec. 8.3. During the early flame kernel propa-
gation, two main processes simultaneously proceed: At first, the flame size increases,
which decreases the contribution of the curvature effects to the turbulent burning veloc-
ity. Second, the mixture leans out towards stoichiometric conditions. This increases the
planar unstretched laminar burning velocity, but diminishes the flame-promoting con-
tribution from curvature effects in rich gasoline mixtures. Sec. 8.3 presents the laminar
burning velocity distribution over equivalence ratio for diluted PRF87–air mixtures and
curved three-dimensional flame fronts. It shows that ignition becomes distinctively ex-
acerbated towards lean mixtures. This behavior is also reflected in the simulation. At
first, the growth rate of the characteristic flame kernel size increases. However, later
on, it decreases due to the lean mixture curvature effects. This emphasizes the complex
interactions between the mixture preparation process and spark-induced turbulent flame
front development.
A more comprehensive understanding of ignition phenomena in stratified charge
turbulent mixtures, a field of great practical interest, has been obtained by the presented
new modeling approach. The SparkCIMM model shows significant improvements in the
calculation of key engine simulation parameters, like the cylinder pressure traces and
heat release rates in comparison to models of reduced physical complexity. Addition-
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ally, more detailed predictions of important ignition features (spark-channel formation,
turbulent corrugation, multiple restrikes, non-spherical flame kernel shape, early tur-
bulent flame front corrugations, probabilities of finding turbulent flame front locations)
have been confirmed by experimental investigations. This validation indicates the strong
physical basis and the predictability of the developed ignition model. In summary, the
key findings for ignition phenomena in spray-guided gasoline engines, derived from the
SparkCIMM analysis, are as follows:
• Ignition spots form locally along the spark-channel and likely in rich mixture
regions. This leads to subsequent flame front propagations, accelerated due to
curvature effects. This contribution scales with the laminar flame thickness and
the Markstein number.
• An increase of the mixture dilution increases the initial burning velocity accel-
eration effect of the curvature by increasing the laminar flame brush thickness,
decreasing the thermal expansion coefficient, and increasing the Zeldovich num-
ber.
• Molecular fuel-dependent curvature effects substantially contribute to the early
flame kernel development in spray-guided gasoline engines only. In typical sto-
ichiometric and moderately diluted homogeneous charge spark-ignition engines,
however, these effects are of minor importance due to, in comparison, substan-
tially thinner laminar flames. This leads to the remarkable conclusion that molec-
ular non-unity Lewis number effects are exactly of particular importance for com-
bustion in flows of highest turbulence intensities, as induced in SG-SIDI engines.
• The flame-development angle ∆θd (0−10% burnt fuel mass fraction [42]) scales
with the inverse of the scalar dissipation rate of mixture fraction fluctuations. On
this characteristic mixing time scale, the turbulent integral length scale increases
due to the decomposition of the spray structure while the flame propagation ve-
locity accelerates due to mixtures leaning out towards stoichiometric conditions.
This results in substantially increased turbulent Damko¨hler numbers and, there-
fore, significantly accelerated turbulent burning velocities. This displays a fun-
damental difference to ignition in homogeneous charge engines, where the scalar
dissipation rate has no meaning.
• Small-scale turbulent flame front corrugations develop on the characteristic turbu-
lent turnover time of integral size eddies. In homogeneous charge engines, how-
ever, it is the flame-development angle ∆θd itself, which scales with this turbulent
eddy turnover time.
Except of the formation of localized ignition spots along the spark-channel, dictated by
physics of auto-ignition, all of the above conclusions depend on the usage of gasoline.
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Other fuels like hydrogen, natural gas, or bio-fuels, display different ignition character-
istics. However, there is a good reason to believe that the developed physical modeling
approach is capable for predicting combustion for these fuels too, since previously ne-
glected key parameters as the Lewis or Zeldovich number of the mixture are taken into
account.
Future investigations of turbulent combustion in spark-ignition engines should in-
clude the application of Large-Eddy-Simulation (LES) techniques. Experimental anal-
ysis has demonstrated the large variability of flow field characteristics between con-
secutive engine cycles. However, it is well known that these variabilities cannot be
adequately reproduced by a RANS turbulence model. Due to the significance of the
local flow on the spark-channel motion and, in the following, on locations of flame ker-
nel formation and on flame front propagation, the capability to capture cycle-to-cycle
variations should also be incorporated into the numerical simulation. The modeling ad-
vancements of this work will proof their value to further enhance the predictability of
such LES engine simulations. The formulated physical models improve the prediction
of molecular fuel-dependent effects on engine combustion. These flame front-related
properties, however, remain a modeling challenge in LES simulations. There, only the
large-scale turbulence spectrum is resolved. The thin flame structures still have to be
modeled completely. This study also reveals the particular significance of molecular
fuel properties for engine ignition processes. In order to obtain a more comprehensive
understanding of these phenomena, experimental investigations are encouraged to mea-
sure laminar burning velocities and Markstein lengths under engine-ignition-relevant
conditions. These are characterized by rich and diluted mixtures (φ > 1.5, YDil > 0.2),
high temperatures (T > 600 K), but moderate pressures (2 < p < 10 bar).
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Appendix A
The Detailed Chemical Mechanism for
Gasoline Oxidation
In the following, the detailed chemical mechanism for gasoline oxidation is presented,
which is used within the flamelet equations to predict localized ignition spots along the
stretched spark channel, compare Sec. 5.2.3.
Number Reaction A n E
1 O2 + H  OH + O 2.000E+14 0.00 70.3
2 H2 + O  OH + H 5.060E+04 2.67 26.3
3 H2 + OH  H2O + H 1.000E+08 1.60 13.8
4 2OH  H2O + O 1.500E+09 1.14 0.42
5 2H + M′  H2 + M′ 1.800E+18 -1.00 0
6 2O + M′  O2 + M′ 2.900E+17 -1.00 0
7 H + OH + M′  H2O + M′ 2.200E+22 -2.00 0
8 H + O2 + M′  HO2 + M′ 2.300E+18 -0.80 0
9 HO2 + H  2OH 1.500E+14 0.00 4.2
10 HO2 + H  H2 + O2 2.500E+13 0.00 2.9
11 HO2 + H  H2O + O 3.000E+13 0.00 7.2
12 HO2 + O  OH + O2 1.800E+13 0.00 -1.7
13 HO2 + OH  H2O + O2 6.000E+13 0.00 0
14 2HO2 → H2O2 + O2 2.500E+11 0.00 -5.2
15 2OH + M′  H2O2 + M′ 3.250E+22 -2.00 0
16 H2O2 + H → H2O + OH 1.000E+13 0.00 15
17 H2O2 + O  OH + HO2 2.803E+13 0.00 26.8
18 H2O2 + OH  H2O + HO2 5.400E+12 0.00 4.2
19 CO + OH  CO2 + H 6.000E+06 1.50 -3.1
20 CO + HO2 → CO2 + OH 1.500E+14 0.00 98.7
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Number Reaction A n E
21 CO + O + M′ → CO2 + M′ 7.100E+13 0.00 -19
22 CH + O → CO + H 4.000E+13 0.00 0
23 CH + O2 → CHO + O 6.000E+13 0.00 0
24 CH + CO2 → CHO + CO 3.400E+12 0.00 2.9
25 CH + H2O  CH2OH 5.700E+12 0.00 -3.2
26 CHO + M′  CO + H + M′ 1.566E+14 0.00 65.9
27 CHO + H → CO + H2 1.800E+14 0.00 0
28 CHO + OH → CO + H2O 1.000E+14 0.00 0
29 CHO + O2 → CO + HO2 3.000E+12 0.00 0
30 3-CH2 + H  CH + H2 6.000E+12 0.00 -7.5
31 3-CH2 + 3-CH2 → C2H2 + 2H 1.100E+14 0.00 3.4
32 3-CH2 + CH3 → C2H4 + H 4.200E+13 0.00 0
33 3-CH2 + O2 → CO + OH + H 1.300E+13 0.00 6.2
34 3-CH2 + O2 → CO2 + H2 1.200E+13 0.00 6.2
35 1-CH2 + M′  3-CH2 + M′ 1.200E+13 0.00 0
36 1-CH2 + O2 → CO + OH + H 3.100E+13 0.00 0
37 1-CH2 + H2  CH3 + H 7.200E+13 0.00 0
38 CH2O + M′ → CHO + H + M′ 5.000E+16 0.00 320
39 CH2O + H → CHO + H2 2.300E+10 1.05 13.7
40 CH2O + O → CHO + OH 4.150E+11 0.57 11.6
41 CH2O + OH → CHO + H2O 3.400E+09 1.20 -1.9
42 CH2O + HO2 → CHO + H2O2 3.000E+12 0.00 54.7
43 CH3 + O → CH2O + H 8.430E+13 0.00 0
44 CH3 + H  CH4 k0 6.257E+23 -1.80 0
k∞ 2.108E+14 0.00 0
45 CH3 + OH → CH2OH + H 2.260E+14 0.00 64.8
46 CH3 + O2 → CH2O + OH 3.300E+11 0.00 37.4
47 CH3 + HO2 → CH2OH + OH 1.800E+14 0.00 0
48 CH3 + HO2 → CH4 + O2 3.600E+12 0.00 0
49 2CH3  C2H6 k0 1.272E+41 -7.00 11.6
k∞ 1.813E+13 0.00 0
50 CH2OH + M′ → CH2O + H + M′ 5.000E+13 0.00 105
51 CH2OH + H → CH2O + H2 1.800E+13 0.00 0
52 CH2OH + O2 → CH2O + HO2 7.200E+10 0.00 8.9
53 CH2OH + O → O2 + CH3 1.100E+13 0.00 0
54 CH2OH + M′ → CH2O + H + M′ 5.000E+13 0.00 105
55 CH2OH + H → CH2O + H2 3.000E+13 0.00 0
56 CH2OH + O2 → CH2O + HO2 1.000E+13 0.00 30
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Number Reaction A n E
57 CH3O2 + M′ → CH3 + O2 + M′ 7.240E+16 0.00 111
58 CH3 + O2 + M′ → CH3O2 + M′ 1.410E+16 0.00 -4.6
59 2CH3O2 → CH2O + CH3OH + O2 1.800E+12 0.00 0
60 CH4 + H  H2 + CH3 1.300E+04 3.00 33.6
61 CH4 + O → OH + CH3 6.923E+08 1.56 35.5
62 CH4 + OH  H2O + CH3 1.600E+07 1.83 11.6
63 OH + CH3  CH3OH k0 1.596E+44 -8.20 0
k∞ 6.022E+13 0.00 0
64 CH3OH + H → CH2OH + H2 4.000E+13 0.00 25.5
65 CH3OH + O → CH2OH + OH 1.000E+13 0.00 19.6
66 CH3OH + OH → CH2OH + H2O 1.000E+13 0.00 7.1
67 CH3OH + CH3 → CH4 + CH2OH 9.000E+12 0.00 41.1
68 CH2OH + M′ → CH2OH + M′ 2.000E+11 0.00 29.3
69 2CH2OH → CH3OH + CH2O 3.000E+13 0.00 0
70 C2H + O → CO + CH 1.000E+13 0.00 0
71 C2H + O2 → HCCO + O 3.000E+12 0.00 0
72 HCCO + H  3-CH2 + CO 1.500E+14 0.00 0
73 HCCO + O → 2CO + H 9.600E+13 0.00 0
74 C2H2 + O2 → HCCO + OH 2.000E+08 1.50 126
75 C2H2 + H  C2H + H2 1.500E+14 0.00 79.6
76 C2H2 + O → 3-CH2 + CO 1.720E+04 2.80 2.1
77 C2H2 + O → HCCO + H 1.720E+04 2.80 2.1
78 C2H2 + OH  H2O + C2H 6.000E+13 0.00 54.2
79f C2H3 → H + C2H2 k0 1.187E+42 -7.5 190.4
k∞ 2.000E+14 0.00 166.29
79b H + C2H2 → C2H3 k0 6.245E+41 -7.5 27.5
k∞ 1.053E+14 0.00 3.39
80 C2H3 + OH → C2H2 + H2O 5.000E+13 0.00 0
81 C2H3 + H → C2H2 + H2 1.200E+13 0.00 0
82 C2H3 + O2 → C2H2 + HO2 1.210E+11 0.00 0
83 C2H3 + O2 → CH2O + CHO 5.420E+12 0.00 0
84 C2H4 + M′  H2 + C2H2 + M′ 2.500E+17 0.00 319.8
85 C2H4 + H  C2H3 + H2 1.700E+15 0.00 62.9
86 C2H4 + O → CHO + CH3 1.210E+06 2.08 0
87 C2H4 + OH  C2H3 + H2O 6.500E+13 0.00 24.9
88f C2H5 → C2H4 + H k0 1.000E+16 0.00 126
k∞ 1.300E+13 0.00 167
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88b C2H4 + H → C2H5 k0 1.595E+16 0.00 -27.39
k∞ 2.073E+13 0.00 13.61
89 C2H5 + H  2CH3 3.000E+13 0.00 0
90 C2H5 + O2 → C2H4 + HO2 1.100E+10 0.00 -6.3
91 C2H5 + CH3 → C2H4 + CH4 1.140E+12 0.00 0
92 C2H6 + H  C2H5 + H2 1.400E+09 1.50 31.1
93 C2H6 + O → C2H5 + OH 1.000E+09 1.50 24.4
94 C2H6 + OH → C2H5 + H2O 7.200E+06 2.00 3.6
95 C2H6 + O2  C2H5 + HO2 6.000E+13 0.00 217
96 C2H6 + CH3  C2H5 + CH4 1.500E-07 6.00 25.4
97 C3H4 + O → CH2O + C2H2 1.000E+12 0.00 0
98 C3H4 + O → CHO + C2H3 1.000E+12 0.00 0
99 C3H4 + OH → CH2O + C2H3 1.000E+12 0.00 0
100 C3H4 + OH → CHO + C2H4 1.000E+12 0.00 0
101f C3H5 → C3H4 + H 3.000E+11 0.84 250
101b C3H4 + H → C3H5 1.200E+11 0.69 12.58
102 C3H5 + OH  C3H4 + H2O 6.000E+12 0.00 0
103 C3H5 + H → C3H4 + H2 1.000E+13 0.00 0
104 C3H5 + O2 → C3H4 + HO2 6.000E+11 0.00 41.9
105 C3H6  C2H3 + CH3 3.150E+15 0.00 359
106 H + C3H6  C3H5 + H2 5.000E+12 0.00 6.3
107 C3H6 + O → C2H4 + CH2O 5.900E+13 0.00 21
108 C3H6 + O → C2H5 + CHO 3.600E+12 0.00 0
109 C3H6 + OH → C2H5 + CH2O 7.900E+12 0.00 0
110 C3H6 + OH → C3H5 + H2O 4.000E+12 0.00 0
111 CH3 + C3H6 → CH4 + C3H5 8.960E+12 0.00 35.6
112 N-C3H7  CH3 + C2H4 9.600E+13 0.00 130
113 N-C3H7  H + C3H6 1.250E+14 0.00 155
114 N-C3H7 + O2 → C3H6 + HO2 1.000E+12 0.00 20.9
115 I-C3H7  H + C3H6 6.300E+13 0.00 154
116 C4H6 → 2C2H3 4.030E+19 -1.00 411
117 C2H3 + C2H4  C4H6 + H 1.000E+11 0.00 30.5
118 C4H6 + OH → CH2O + C3H5 2.000E+12 0.00 0
119 C4H7  C4H6 + H 1.200E+14 0.00 206
120 C4H7 → C2H4 + C2H3 1.000E+11 0.00 155
121 C4H7 + H → 1-C4H8 4.397E+17 -1.00 4.52
122 C4H7 + O2 → C4H6 + HO2 1.000E+11 0.00 0
123 C4H7 + CH3 → C4H6 + CH4 1.000E+13 0.00 0
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124 C4H7 + C3H5  C4H6 + C3H6 4.000E+13 0.00 0
125 1-C4H8  C3H5 + CH3 8.000E+16 0.00 307
126 1-C4H8 + H → C4H7 + H2 5.000E+13 0.00 16.3
127 1-C4H8 + OH → N-C3H7 + CH2O 6.500E+12 0.00 0
128 1-C4H8 + OH → C4H7 + H2O 2.265E+14 0.00 12.8
129 P-C4H9 → C2H5 + C2H4 2.500E+13 0.00 121
130 P-C4H9 + O2 → 1-C4H8 + HO2 1.000E+12 0.00 8.4
131 C5H9 → C3H5 + C2H4 2.500E+13 0.00 126
132 C3H5 + C2H4 → C5H9 1.500E+10 0.00 31
133 C5H9 → C2H3 + C3H6 2.500E+13 0.00 126
134 1-C5H10  C2H5 + C3H5 1.000E+16 0.00 299
135 1-C5H10 + H → C5H9 + H2 2.800E+13 0.00 16.8
136 1-C5H10 + O → C5H9 + OH 2.540E+05 2.60 -4.7
137 1-C5H10 + OH → C5H9 + H2O 6.800E+13 0.00 12.8
138 1-C5H10 + CH3 → C5H9 + CH4 1.000E+11 0.00 30.6
139 1-C5H11 → C2H4 + N-C3H7 3.200E+13 0.00 119
140 H + 1-C5H10 → 1-C5H11 7.900E+12 0.00 12.1
141 C6H11 → C3H5 + C3H6 2.500E+13 0.00 126
142 1-C6H12 → N-C3H7 + C3H5 2.500E+16 0.00 298
143 N-C3H7 + C3H5 → 1-C6H12 1.000E+13 0.00 0
144 1-C6H12 + H → C4H7 + C2H4 + H2 2.800E+07 2.00 32.2
145 1-C6H12 + H → C3H5 + C3H6 + H2 8.000E+06 2.00 20.9
146 1-C6H12 + H → 1-C4H8 + C2H3 + H2 8.000E+06 2.00 20.9
147 1-C6H12 + O → C4H7 + C2H4 + OH 5.000E+13 0.00 32.9
148 1-C6H12 + O → C3H5 + C3H6 + OH 2.800E+13 0.00 21.8
149 1-C6H12 + O → 1-C4H8 + C2H3 + OH 2.800E+13 0.00 21.8
150 1-C6H12 + OH → C4H7 + C2H4 + H2O 4.300E+09 1.10 7.6
151 1-C6H12 + OH → C3H5 + C3H6 + H2O 1.300E+09 1.30 2.9
152 1-C6H12 + OH → 1-C4H8 + C2H3 + H2O 1.300E+09 1.30 2.9
153 C7H13 → C3H5 + 1-C4H8 2.500E+13 0.00 126
154 1-C7H14 → P-C4H9 + C3H5 2.500E+16 0.00 298
155 P-C4H9 + C3H5 → 1-C7H14 1.000E+13 0.00 0
156 1-C7H15 → 1-C5H11 + C2H4 2.500E+13 0.00 121
157 2-C7H15 → 1-C7H14 + H 2.000E+13 0.00 169
158 2-C7H15 → P-C4H9 + C3H6 1.600E+13 0.00 118
159 3-C7H15 → 1-C6H12 + CH3 8.000E+13 0.00 138
160 3-C7H15 → 1-C4H8 + N-C3H7 5.000E+12 0.00 122
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161 4-C7H15 → C2H5 + 1-C5H10 1.000E+13 0.00 117
162 4-C7H15 → 1-C7H14 + H 1.000E+13 0.00 159
163 1-C7H15 → 3-C7H15 2.000E+11 0.00 46.5
164 3-C7H15 → 1-C7H15 3.000E+11 0.00 59
165 1-C7H15 → 4-C7H15 2.000E+11 0.00 75.8
166 4-C7H15 → 1-C7H15 6.000E+11 0.00 88.4
167 2-C7H15 → 3-C7H15 2.000E+11 0.00 75.8
168 3-C7H15 → 2-C7H15 2.000E+11 0.00 75.8
169 1-C7H15 → 2-C7H15 2.000E+11 0.00 75.8
170 2-C7H15 → 1-C7H15 3.000E+11 0.00 88.4
171 1-C7H15 + O2 → 1-C7H14 + HO2 1.000E+10 0.00 8.4
172 2-C7H15 + O2 → 1-C7H14 + HO2 1.000E+10 0.00 8.4
173 3-C7H15 + O2 → 1-C7H14 + HO2 1.000E+10 0.00 8.4
174 4-C7H15 + O2 → 1-C7H14 + HO2 1.000E+10 0.00 8.4
175 N-C7H16 → P-C4H9 + N-C3H7 3.160E+16 0.00 339
176 N-C7H16 + H → 1-C7H15 + H2 5.600E+07 2.00 32.2
177 N-C7H16 + H → 2-C7H15 + H2 1.750E+07 2.00 20.9
178 N-C7H16 + H → 3-C7H15 + H2 1.750E+07 2.00 20.9
179 N-C7H16 + H → 4-C7H15 + H2 8.780E+06 2.00 20.9
180 N-C7H16 + O → 1-C7H15 + OH 1.000E+14 0.00 32.9
181 N-C7H16 + O → 2-C7H15 + OH 5.600E+13 0.00 21.8
182 N-C7H16 + O → 3-C7H15 + OH 5.600E+13 0.00 21.8
183 N-C7H16 + O → 4-C7H15 + OH 2.800E+13 0.00 21.8
184 N-C7H16 + OH → 1-C7H15 + H2O 8.610E+09 1.10 7.6
185 N-C7H16 + OH → 2-C7H15 + H2O 2.600E+09 1.30 2.9
186 N-C7H16 + OH → 3-C7H15 + H2O 2.600E+09 1.30 2.9
187 N-C7H16 + OH → 4-C7H15 + H2O 1.300E+09 1.30 2.9
188 N-C7H16 + HO2 → 1-C7H15 + H2O2 1.120E+13 0.00 81.2
189 N-C7H16 + HO2 → 2-C7H15 + H2O2 9.700E+12 0.00 71.2
190 N-C7H16 + HO2 → 3-C7H15 + H2O2 6.700E+12 0.00 71.2
191 N-C7H16 + HO2 → 4-C7H15 + H2O2 3.350E+12 0.00 71.2
192 N-C7H16 + CH3 → 1-C7H15 + CH4 1.300E+12 0.00 48.6
193 N-C7H16 + CH3 → 2-C7H15 + CH4 8.000E+11 0.00 39.8
194 N-C7H16 + CH3 → 3-C7H15 + CH4 8.000E+11 0.00 39.8
195 N-C7H16 + CH3 → 4-C7H15 + CH4 4.000E+11 0.00 39.8
196 N-C7H16 + O2 → 1-C7H15 + HO2 2.500E+13 0.00 205
197 N-C7H16 + O2 → 2-C7H15 + HO2 4.000E+13 0.00 199
198 N-C7H16 + O2 → 3-C7H15 + HO2 4.000E+13 0.00 199
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199 N-C7H16 + O2 → 4-C7H15 + HO2 2.000E+13 0.00 199
200f 1-C7H15 + O2 → 1-C7H15O2 2.000E+12 0.00 0
200b 1-C7H15O2 → 1-C7H15 + O2 3.000E+14 0.00 117.3
201f 2-C7H15 + O2 → 1-C7H15O2 2.000E+12 0.00 0
201b 1-C7H15O2 → 2-C7H15 + O2 6.600E+14 0.00 117.3
202f 3-C7H15 + O2 → 1-C7H15O2 2.000E+12 0.00 0
202b 1-C7H15O2 → 3-C7H15 + O2 6.900E+14 0.00 117.3
203f 4-C7H15 + O2 → 1-C7H15O2 2.000E+12 0.00 0
203b 1-C7H15O2 → 4-C7H15 + O2 3.500E+14 0.00 117.3
204f 1-C7H15O2 → 1HEOOH 2.000E+11 0.00 75.2
204b 1HEOOH → 1-C7H15O2 1.000E+11 0.00 52.3
205 1HEOOH + O2 → OOC7OOH 5.000E+11 0.00 0
206 OOC7OOH → HOOC7OOH 2.000E+11 0.00 71.2
207 HOOC7OOH → OC7OOH + OH 1.000E+09 0.00 31.4
208 OC7OOH → OC7H13O + OH 1.040E+15 0.00 180
209 OC7H13O → CH2O + 1-C5H11 + CO 2.000E+13 0.00 62.8
210 I-C4H7 → C3H4 + CH3 1.000E+13 0.00 214
211 C3H4 + CH3 → I-C4H7 2.000E+11 0.00 31.4
212 I-C4H8 → C3H5 + CH3 5.000E+18 -1.00 307
213 C3H5 + CH3 → I-C4H8 2.000E+13 0.00 0
214 I-C4H8 → I-C4H7 + H 1.000E+17 0.00 368
215 I-C4H7 + H → I-C4H8 2.000E+13 0.00 0
216 I-C4H8 + H → I-C4H7 + H2 1.000E+13 0.00 15.9
217 I-C4H7 + H2 → I-C4H8 + H 3.000E+13 0.00 105
218 I-C4H8 + O → I-C4H7 + OH 2.500E+05 2.60 -4.7
219 I-C4H8 + O → I-C3H7 + CHO 7.230E+05 2.30 -4.4
220 I-C4H8 + OH → I-C4H7 + H2O 9.600E+12 0.00 5.2
221 I-C4H8 + OH → I-C3H7 + CH2O 1.500E+12 0.00 0
222 I-C4H9 → C3H6 + CH3 1.000E+14 0.00 137
223 I-C4H9 → I-C4H8 + H 2.000E+13 0.00 151
224 I-C4H8 + H → I-C4H9 1.000E+13 0.00 5
225 I-C4H9 + O2 → I-C4H8 + HO2 2.340E+10 0.00 0
226 T-C4H9 → H + I-C4H8 3.160E+15 0.00 183
227 H + I-C4H8 → T-C4H9 3.100E+13 0.00 6.3
228 T-C4H9 → C3H6 + CH3 1.585E+15 0.00 194
229 T-C4H9 + O2 → I-C4H8 + HO2 1.170E+11 0.00 0
230 NEOC5H11 → I-C4H8 + CH3 1.000E+11 0.00 109
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231 C6H10 → 2C3H5 2.512E+14 0.00 249
232 2C3H5 → C6H10 1.020E+13 0.00 -1.1
233 I-C6H13 → I-C3H7 + C3H6 2.512E+13 0.00 118
234 I-C6H13 → T-C4H9 + C2H4 2.512E+13 0.00 121
235 I-C6H13 → I-C4H9 + C2H4 2.512E+13 0.00 121
236 I-C7H13 → I-C4H8 + C3H5 2.500E+13 0.00 25.6
237 I-C7H13 → C3H6 + I-C4H7 2.500E+13 0.00 25.6
238 I-C7H13 → C6H10 + CH3 1.000E+14 0.00 37.4
239 C6H10 + CH3 → I-C7H13 3.200E+11 0.00 38.1
240 A-C7H14 → I-C4H7 + I-C3H7 2.500E+16 0.00 297
241 A-C7H14 → C3H5 + T-C4H9 2.500E+16 0.00 297
242 A-C7H14 + O → I-C7H13 + OH 2.540E+05 2.60 -4.6
243 A-C7H14 + OH → I-C7H13 + H2O 6.800E+13 0.00 13
244 C-C7H14 → C6H11 + CH3 2.500E+16 0.00 297
245 C-C7H14 + H → I-C7H13 + H2 2.800E+13 0.00 16.8
246 C-C7H14 + O → I-C7H13 + OH 2.540E+05 2.60 -4.6
247 C-C7H14 + OH → I-C7H13 + H2O 6.800E+13 0.00 13
248 I-C7H15 → I-C4H8 + I-C3H7 2.500E+13 0.00 117
249 A-C7H14 + H → I-C7H15 8.000E+12 0.00 5
250 C-C7H14 + H → I-C7H15 8.000E+12 0.00 5
251 I-C7H15 → C3H6 + T-C4H9 2.512E+13 0.00 118
252 I-C8H16 → I-C4H7 + T-C4H9 2.500E+16 0.00 297
253 I-C8H16 → C7H13 + CH3 2.500E+16 0.00 297
254 I-C8H16 + OH → I-C4H8 + I-C4H7 + H2O 1.300E+09 1.30 2.9
255 A-C8H17 → D-C8H17 6.000E+11 0.00 59
256 D-C8H17 → A-C8H17 9.000E+11 0.00 59
257 A-C8H17 → C-C8H17 1.000E+11 0.00 67.4
258 C-C8H17 → A-C8H17 9.000E+11 0.00 88.4
259 A-C8H17 → A-C7H14 + CH3 1.000E+11 0.00 109
260 A-C8H17 → I-C4H8 + I-C4H9 1.300E+13 0.00 124
261 B-C8H17 → C-C7H14 + CH3 1.000E+13 0.00 109
262 C-C8H17 → I-C4H8 + T-C4H9 5.000E+12 0.00 121
263 D-C8H17 → A-C7H14 + CH3 1.250E+13 0.00 137
264 D-C8H17 → C3H6 + NEOC5H11 1.300E+13 0.00 124
265 D-C8H17 → I-C8H16 + H 3.300E+14 0.00 151
266 I-C8H18 → T-C4H9 + I-C4H9 2.000E+16 0.00 327
267 I-C8H18 → NEOC5H11 + I-C3H7 2.000E+16 0.00 327
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268 I-C8H18 + H → A-C8H17 + H2 8.440E+07 2.00 32.2
269 I-C8H18 + H → B-C8H17 + H2 9.000E+06 2.00 20.9
270 I-C8H18 + H → C-C8H17 + H2 1.260E+14 0.00 30.6
271 I-C8H18 + H → D-C8H17 + H2 5.628E+07 2.00 32.2
272 I-C8H18 + O → A-C8H17 + OH 1.500E+14 0.00 32.9
273 I-C8H18 + O → B-C8H17 + OH 2.800E+13 0.00 21.8
274 I-C8H18 + O → C-C8H17 + OH 1.000E+13 0.00 13.7
275 I-C8H18 + O → D-C8H17 + OH 1.000E+14 0.00 32.9
276 I-C8H18 + OH → A-C8H17 + H2O 1.290E+10 1.10 7.6
277 I-C8H18 + OH → B-C8H17 + H2O 1.300E+09 1.30 2.9
278 I-C8H18 + OH → C-C8H17 + H2O 8.000E+12 0.00 1.9
279 I-C8H18 + OH → D-C8H17 + H2O 8.580E+09 1.10 7.6
280 I-C8H18 + HO2 → A-C8H17 + H2O2 1.680E+13 0.00 81.2
281 I-C8H18 + HO2 → B-C8H17 + H2O2 3.350E+12 0.00 71.2
282 I-C8H18 + HO2 → C-C8H17 + H2O2 6.000E+12 0.00 60.3
283 I-C8H18 + HO2 → D-C8H17 + H2O2 1.120E+13 0.00 81.2
284 I-C8H18 + CH3 → A-C8H17 + CH4 5.850E+12 0.00 48.6
285 I-C8H18 + CH3 → B-C8H17 + CH4 1.200E+12 0.00 39.8
286 I-C8H18 + CH3 → C-C8H17 + CH4 1.000E+11 0.00 33.1
287 I-C8H18 + CH3 → D-C8H17 + CH4 3.900E+12 0.00 48.6
288 I-C8H18 + O2 → A-C8H17 + HO2 3.000E+13 0.00 205
289 I-C8H18 + O2 → B-C8H17 + HO2 2.000E+13 0.00 201
290 I-C8H18 + O2 → C-C8H17 + HO2 4.000E+12 0.00 193
291 I-C8H18 + O2 → D-C8H17 + HO2 2.000E+13 0.00 205
292f A-C8H17 + O2 → A-C8H17O2 2.000E+12 0.00 0
292b A-C8H17O2 → A-C8H17 + O2 5.850E+14 0.00 100
293f B-C8H17 + O2 → A-C8H17O2 2.000E+12 0.00 0
293b A-C8H17O2 → B-C8H17 + O2 1.850E+14 0.00 100
294f C-C8H17 + O2 → A-C8H17O2 2.000E+12 0.00 0
294b A-C8H17O2 → C-C8H17 + O2 8.450E+14 0.00 100
295f D-C8H17 + O2 → A-C8H17O2 2.000E+12 0.00 0
295b A-C8H17O2 → D-C8H17 + O2 3.850E+14 0.00 100
296f A-C8H17O2 → AOEOOH 3.000E+12 0.00 91.1
296b AOEOOH → A-C8H17O2 1.000E+11 0.00 57.6
297 AOEOOH → C7H15CHO + OH 3.300E+11 0.00 56.4
298 C7H15CHO → C2H6CO + C3H4 + 2CH3 2.000E+13 0.00 62.8
299f C2H6CO → CH3CO + CH3 2.400E+14 0.00 301.5
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299b CH3CO + CH3 → C2H6CO 3.550E+11 0.00 -23.4
300f CH3CO → CH3 + CO 3.000E+12 0.00 70
300b CH3 + CO → CH3CO 4.790E+10 0.00 19.3
301 AOEOOH + O2 → OCTO4H 5.000E+11 0.00 0
302 OCTO4H → HOCTO4H 6.000E+11 0.00 61.1
303 HOCTO4H → OCTO3H + OH 1.000E+09 0.00 31.2
304 OCTO3H → OC8H15O + OH 6.000E+14 0.00 180
305 OC8H15O → I-C6H13 + CH2O + CO 2.000E+13 0.00 62.8
